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ABSTRACT 
The objective of this project is the development of new asymmetric syntheses by 
chiral palladium catalysts. Several chiral mono and dipalladium(II) catalysts using the 
monodentate ligands, (R)-( + )-N,N-dimethyl-1-phenethylamine { (R)-DMP A}, (S)-( + )-
neomenthyl diphenylphosphine {(S)-NMDPP} and the bidentate ligands, (1R,2R)-(-)-l,2-
diaminocyclohexane {(1R,2R)-DACH}, (+)-2,3-0-isopropylidene-2,3-dihydroxy-1,4-bis-
(diphenylphosphino)butane {(+)-DIOP}, (-)-2,3-0-isopropylidene-2,3-dihydroxy-1,4-bis-
( diphenylphosphino )butane {(-)-DIOP} and (S)-(-)-2,2'-bis(diphenylphosphino )-1,1 '-bi-
naphthyl { (S)-BINAP} were prepared and characterized by 1H-NMR, 13C-NMR, 31P-
NMR, IR spectroscopy and elemental analysis. The bidentane ligands bridged the two 
Pd(Il)'s. The oxidation of a-olefins with these catalysts were studied under conditions of 
low [Cr] and high [CuCh]. l-Chloro-2-hydroxyalkanes (38) were the major product with 
smaller amounts of 2-chloro-1-hydroxyalkane (39). The highest optical yields for the 1-
chloro-2-hydroxy-alkanes were obtained when (+)- or (-)-DIOP and (S)-BINAP were 
used as bridging ligands. Oxidation of allyl ethers to give chiral chlorohydrins could be a 
valuable new asymmetric synthesis which would be an alternative to procedures 
involving the Sharpless epoxidation. Our results with allyl phenyl ether and allyl-a-
naphthyl ether indicated that only the 38 isomer is formed. The yields were very high 
XXVl 
(>90%) and the ee's were in the range of 80-93%. 
Oxidation of trans-2-butene and trans-2-pentene with chiral dipalladium(II) 
catalysts in chloride-free glacial acetic acid gave chiral allylic acetates with ee' s of 77-
85%. 2-Cyclohexen-1-yl acetate was obtained in a high yield, but the %ee was only 6%. 
The oxidation of several ketones by the bimetallic catalyst 27 in the presence of 
CuCh gave mainly a-hydroxy ketones. The % ee of the a-hydroxy ketones were in the 
range of 74%-90%. Since the reaction is an enolization, it would be expected to be acid 
catalyzed. Methanesulfonic acid was used to accelerate the enolization and the yields did 
increase dramatically. 
Allylic isomerization studies of crotyl alcohol gave chiral 3-buten-2-ol while 
isomerization of crotyl acetate, crotyl chloride and trans-2-hexenyl acetate gave chiral 
allylic acetates. The products were obtained in moderate yields (20%-40%). The ee's of 
the chiral allylic compounds were in the range of 32%-77%. 
xxvn 
CHAPTERl 
INTRODUCTION 
1.1. The Inorganic Chemistry of Palladium 
Palladium occurs in combination with platinum and is the second most abundant 
platinum group metal (PGM), accounting for 38% of PGM reserves. Two major sources of 
the metal are braggite, a mixed sulfide of platinum, palladium and nickel which contains 16 
- 20% palladium, and michenerite (PdBiJ). 
Wollaston discovered palladium in 1802 while refining platinum.1 Palladium metal 
has several industrial applications. Two of the most important are in the electronics 
industry, where it is used as an alloy with silver as an electrical contact material or in 
palladium-bearing thick film pastes in miniature solid-state devices and in integrated 
circuits. 
The metal exists as six naturally occurnng isotopes: 102Pd (0.8% relative 
abundance), 104Pd (9.3%), 105Pd (22.6%), Hl6pd (27.2%), 108Pd (26.8%), and 11°Fd (13.5%). 
A list of the physical properties of the element is given in Table 1.1.2 
Palladium has the electronic configuration ls2,2s2,2p6,3s2,3p6,3d10,4s2,4p6,4d10• In 
spite of the filled 4d shell it is quite reactive. The inorganic chemistry of palladium is 
similar to that of platinum although it is considerably more reactive than platinum. This 
reactivity is reflected in the chemistry of the metal and its reverse oxidation states. 
2 
Palladium has four oxidation states; 0, + l, + 2 and +4. 
Table 1. 1 Physical properties of palladium3 
Atomic number 46 
Atomic weight 106.4 
Crystal lattice Face centered cubic (fee) 
Cell constant A (nm) 0.389 
Atomic radius (nm) 0.1375 
Specific gravity (g cm-3) 12.02 
Melting Eoint {°C) 1554 
Specific heat at 0 °C (J g-1 0 C-1) 0.244 
Thermal conductivity (w m·' K 1) 75.3 
Linear coefficient of thermal expansion {°C-1) 11.1 x 10-0 
Electrical resistivity µ (ohm cm) at 0 °C 9.93 
Electrical resistivity µ (ohm cm) at 20 °C 9.96 
Bindingenergy(ev) 3.91 
Ionization potential (ev) 8.33 
Tensile strength (anneal) (MPa) 165.5 
Youn~'s modulus of elasticity (GPa) 117.2 
3Adapted from Barnard et al (2). 
Palladium(O): Palladium(O) compounds have a d10 configuration and exists mainly 
as phosphine complexes. Carbonyls are considerably less stable. Palladium(O) complexes 
readily undergo oxidative addition to form Pd(II) d8 complexes. The zero oxidation state 
palladium is stabilized by certain types of ligands, which are called 7t-acid ligands.3 The 
mechanism by which CO is able to bond with palladium(0)4 is pictorially presented in 
Figure 1.1. The back donation of electron density to CO occurs via a filled metal orbital 
and an empty 7t • orbital of the CO (Figure 1.1 ). An analogous type of interaction is 
3 
presumed to occur also with ligands such as phosphine, arsme or stilbene alkyls or 
alkoxides (Figure 1.2). These ligands have an empty d-orbital of proper symmetry and 
energy to overlap with filled metal cl-orbitals. 
Mc:>c-o 
cr-Bond 7t-Bond 
Figurel.1 Pictorial representation of metal-ligand 7t-bonding for a ligand with vacant 
orbitals such as CO that can overlap with the metal d xz orbital. 
R 
'~/{) 
M P R 
-~~ R 
Figure 1.2 Pictorial representation of metal-ligand 7t-bonding for at-phosphine with a 
vacant d orbital on the phosphorous overlapping with metal d xz orbital. 
Palladium(O) complexes are readily prepared by the reduction of palladium(ll) 
compounds in the presence of excess phosphines. 5 The highest coordination number known 
for palladium(O) is four6 and, in solution, the complexes dissociate according to the 
equilibria shown in Equations 1.1 and 1.2. 53 
(1.1) 
4 
(1.2) 
The species [PdL3] and [PdL2] are coordinatively unsaturated. [PdL3] complexes have been 
prepared by the reaction shown in Equation 1.3. 7-9 
+ 6L (1.3) 
L = PPh3, P(OPh)J, P(4-CIC6H4)3, P(4-MeC6H4)3 
The [PdL2] complexes have only been isolated where Lis extremely bulky {L = P(t-Bu)3, 
P(CJI11)3, P(t-Bu)2Ph}.10 
Palladium(I). Palladium(D was first reported in 1942 by Gel'man and Meilakh as 
the carbonyl anion [PdChCOr. 11 A brief history of the development of the chemistry of 
this oxidation state is described by Hartley12 and Henry.13 Palladium(D complexes should 
be paramagnetic because they have a d9 configuration. This means that the odd electrons 
must be coupled and hence the complexes are binuclear and contain metal-metal bonds. 2 
Although the + 1 oxidation state is rare, these are several recent examples of Pd(D dimeric 
complexes. Hydrido palladium(!) dimer {[(dippp)Pdh(µ-H)( µ-CO)}+Cr has been prepared 
from the reaction of (dippp)Pd(Ph)Cl with methanol in the presence of NEt3 (Equation 1.4, 
next page). 14 
and Pd2('1'1 5-CsHP~)2(µ-RNC)2 (R = 2,6-Me2C6H3, 2,4,6-Me3C6H2) have been prepared by 
the reaction of PdCh(RNC)i with K(CsPhs) and K(C5HP~). 153 
5 
Cp Ph \ I 2 Pd + 2 MeOH +NEt3 P/ 'ct (1.4) 
Synthesis of new bi-nuclear palladium(I) complexes Pd2(µ-ri3-In)2(RNC)2 (R = 1Bu, 2,6-
Me2CJ1J, 2,4,6-Me3CJI2, 2,4,6-1Bu3CJI2) have been achieved by the reaction of 
PdCh(RNC) with lithium indenyl (Liln). 15b Also, [Pd2(diphos)2(RNC)2](PF6)2 (diphos = 
dppen, dppe, dppp, and dppb) complexes have been prepared and characterized by X-ray 
diffraction. 15c The reaction of the palladium(O) compound, Pd(PMe3)4, with Pd(hfac )i (hfac 
= hexafluoroacetylacetonate) gave the palladium(!) dimer [Pd2(PMe3)6](hfac )i and its 
structure has been established by X-ray crystallogrophy. 16 
There have been several other examples of palladium(!) dimers which have been 
prepared and characterized. 11-20 
Palladium(II). Palladium(II) is a d8 ion which forms four coordinate square planar 
complexes. Palladium(II) is a soft acid as described by Pearson in the hard and soft acid-
base theory.21 Palladium(II) will complex more strongly with soft ligands such as 
phosphines, arsines, stilbines, carbon monoxide, olefins and arenes. 
Palladium(II) chloride is the most common starting material for most palladium 
complexes. Palladium(II) chloride, [PdCh]0 , is a commercially available chloro-bridged 
oligomer which is insoluble in most organic solvents (Scheme I. I) (next page). 
The oligomeric structure is easily broken by donor ligands resulting in stable 
monomeric PdChL2 (L = PhCN, CH3CN, and PPh3) complexes which are soluble in most 
6 
common organic solvents. The nitrite complexes, PdCh(RCN)2, are prepared by stirring a 
suspension of [PdCh]n in the nitrite solvent.22 Both nitrites are sufficiently labile so they 
can be used as starting materials for the preparation of other Pd(II) compounds. Treatment 
of [PdCh]n with triphenylphosphine produces the yellow crystalline PdCh(PPh3)2 
complex.23 
2RC1 
PdCl2(RCN)2 
gold solid, soluble 
RCN = PhCN, CH3CN 
Scheme 1.1 
l ~p~=. 
PdCl2(PPh3)2 
yellow solid, soluble 
red-brown solid, soluble 
Although it is infrequently used in systems requiring palladium(II) catalysis, it is frequently 
the catalyst precursor of choice for palladium(O)-catalyzed processes. The [PdCh]n 
oligomer can also be solubilized by with two equivalents of MCI (M = Li, Na, K), M2PdCl4 
is produced in water and methanol.24-28 
Another palladium(II) compound used in catalysis is palladium(II) acetate. 
'Pd(OAc)2' is actually a trimer in acetic acid solution29 with bridging acetates as shown in 
Figure l.3 (next page). This brown salt is commercially available and is soluble in common 
organic solvents. It is most commonly used when a chloride-free system is desired. 
7 
Pd~ 
Pd "I N 
Figure 1. 3 
Palladium(IV). Palladium(IV) is a relatively rare oxidation state. It is less stable 
than platinum(IV) because of the high ionization potential for Pd(IV) as compared with 
Pt(IV) [l.47 for PdCll vs 0.726 volts for PtCll]. 12 However, there are a number of 
known Pd(IV) complexes. Binary complexes with oxide and the chalcogenides have been 
well characterized as have PdF4 and [PdX6] 2- (X = F, Cl, Br).2 
1.2. Palladium Catalysis 
Homogeneous catalysis by transition metal complexes is one of the most important 
area of organic synthesis and industrial chemistry today. Due to its commercial interest, 
homogeneous catalysis by palladium(II) has been one of the most widely studied of all 
homogeneous catalytic systems. There are numerous books and reviews on the various 
aspects of catalytic palladium chemistry, the most comprehensive of which are the books 
written by Maitlis,30 Hartley,12 and Henry. 13 Recent focus has been on the organometallic 
chemistry required for a clear understanding of the catalytic processes. 
8 
Organotransition metal compounds can be divided into two categories: those which 
contain a metal-carbon cr-bond, (M-C), and those which contain a metal-carbon 7t-bond. 
Palladium-Carbon cr-bonded complexes. cr-Bonded organopalladium derivatives 
are not stable unless 7t-acid ligands are present. Palladium(Il) cr-bonded organometallic 
complexes can be prepared by the following general methods: ( 1) reaction of Pd(Il) salts 
containing stabilizing ligands such as phosphines with typical alkylating or arylating 
agents,31 -33 (Equation 1.5), (2) oxidative addition of organic halides to palladium(O) 
complexes, (Equation 1.6). 5a.34 
(1. 5 
Pd(PPh3)4 + R-X ~ (1. 6) 
R - X = alkyl, phenyl and vinylic 
(3) direct metallation of a hydrocarbon (Equation 1.7);35 and (4) addition of palladium(Il) 
and another species salt to an alkene, diene or acetylene, i.e palladation (Equation 1.8).28 
---~ RPdX + HX (1. 7) 
(1. 8) 
9 
cr-Alkyl palladium(II) complexes are intermediates in many palladium-catalyzed reactions. 
Most of these reactions involve coupling, vinylation, carbonylation and decarbonylation.37 
Exposure of this class of complexes to a subatmospheric pressure of carbon monoxide 
results in insertion of CO into the metal-carbon cr-bond to give an cr-acyl complex (1, 
Scheme 1.2). 
R ) 
L,Pd ~Nuc 
Cl/ y 
0 
1 
!MoOH 
R~OMe 
Nuc 0 
3 
Scheme 1. 2 
2 
+ Pd(O) 
! red. oHm. 
RTR' 
Nuc + Pd(O) 
4 
This insertion proceeds readily at temperatures above ca -20 °C and effectively competes 
with other reactions. The resulting cr-acyl complexes are also unstable, and it is customary 
to generate them in the presence of a trap such as methanol which results in cleavage to give 
an organic ester (3) and palladium(O). Main group organometallics including those of Sn, 
10 
Zr, Zn, Cu, B, Al, MgX and Si, but not Li, readily transfer their R group to u-
alkylpalladium(II) complexes at temperatures below ca -20 °C, producing dialkyl-
palladium(II) species (2). On warming these alkyls undergo reductive elimination to give 
coupling of the two R groups (4) and Pd(0).38 
Most reactions of u-alkylpalladium(II) complexes produce Pd(O) as a product. 
Pd(II) is required to activate the olefin for nucleophilic attack. Thus, for catalysis, Pd(O) 
must be reoxidized to Pd(Il) in the presence of substrate and nucleophile. A wide array of 
oxidants, including 02-CuCh, benzoquinone-02, benzoquinone-Mn02, thallic ions, silver 
acetate and Cr03-dipyridine have been used. 39 
Palladium(ll) hydride complexes. These hydrides are important in the catalytic 
chemistry of Pd(Il) because they serve as model compounds for unstable hydride 
intermediates which are believed to be involved in many catalytic reactions of palladium. 
Jn contrast to Pt(II), which is less labile than Pd(Il) and forms a number of hydrides, Pd(II) 
forms few hydride complexes stable enough to be isolated. The first palladium(Il) hydride 
was prepared by Brooks and Glocking 40 by the reaction described in Equation 1.9. 
40oC 
trans-(Et3P)2PdCh + MeGeH .., (1. 9) 
trans-(Et3P)2Pd(H)CI + HCI + Me3GeCI + Me6Ge6 
The hydride is stable up to about 55 °C and has a trans structure in both solution and solid 
state. It has been found that hydrides can be prepared by addition of HCl to (Ph3P)3PdCO 
and (Ph3P)4Pd41 and by the reduction of trans-(R3P)2PdX2 with trans-(R3P)2NiH(B~).42 
A dihydride of palladium(II) has been also reported.43 
11 
Palladium-carbon n-bonded complexes. Palladium(Il)-n-bonded compounds are 
classified as non-classical compounds since their bonding is different from that of classical 
Werner-type complexes or coordination compounds. Olefins rapidly and reversibly 
complex to soluble palladium(II) complexes, particularly PdC}i(RCN)2 and LiiPdC14• The 
order of stability is CH2=CH2 > RCH=CH2 > cis-RCH=CHR > trans-RCH=CHR >> 
RiC=CH2, RiC=CHR. RiC=CR2 does not complex. Electron-rich olefins such as enol 
ether and enamides complex strongly to palladium(II) whereas electron-deficient olefins 
complex poorly or not at all.. 
Once complexed to palladium(II), the olefin generally becomes reactive towards 
nucleophilic attack. This reversal of normal reactivity (electrophilic attack) is a 
consequence of coordination. Thus, the metal-bound olefin is activated towards 
nucleophilic attack. Attack usually occurs at the more substituted position of the olefin. 
However this tendency is not as strong as for Hg2+ or Tt3+ where the addition is entirely to 
the more substituted carbon. Nucleophiles that are nonnally poor ligands for palladium(Il), 
such as, alcohols and water, generally react without complication. Amines are better 
ligands for palladium, and competitive attack at the metal with displacement of the olefin is 
sometimes a problem. 38 
The two basic reactions of catalysis. It is postulated that most catalytic cycles of 
transition metals involve one or both of the following two basic reactions of catalysis: (I) 
oxidation-addition or, its reverse, reduction-elimination; (2) the insertion reaction or its 
reverse. In this section the two reactions will be discussed with special emphasis on those 
related to the theme of this thesis. 
12 
(1) The oxidative addition reaction.44-49 The oxidative reaction involves oxidation 
of the metal with an accompanying expansion of the coordination sphere. Generally, both 
the oxidation and coordination numbers are increased by two as shown in Equation 1.10. 
(1.10) 
At the same time the oxidation number is increased, bonds are formed to X and Y. The 
addendum, XY, can be symmetrical or unsymmetrical molecules such as H2, Oi. S02, C2~, 
CI-hl, I2, Br2, and Ch. This reaction occurs mainly with d8 and d10 systems. Examples of d8 
systems are Rh(I), Pd(II) and Pt(II), while d 10 systems include Ni(O), Pd(O) and Pt(O). There 
are numerous cases of oxidative addition and the reverse reaction being utilized in 
palladium catalysis.50 
(2) The insertion reaction. This reaction can be defined as the insertion of an 
unsaturated molecule between a metal and a 7t-bonded species (Equation 1.11 ). 
L0 M-A + XY (1. 11) 
The addition of palladium(II)-carbon bonds across double bonds is an important step in a 
number of catalytic reactions of palladium(II). There are several examples of stable adducts 
being formed by this type of reaction.51 -54 An example of a system using the insertion 
reaction is the Heck reaction55 (Equation 1.12). 
ArHgX + PdX2 [ArPdXJ + HgX2 
[ArPdX] + 
(1. 12 
13 
Another example with chelating olefins is given in Equation 1.13.56 
4) 
PdCli 
~Ph 
clj 
(1. 13) 
2 
1. 3. Asymmetric Catalysis 
One of the most powerful and important uses of transition metal catalysis is in the 
field of asymmetric synthesis. 57 Asymmetric transition metal catalysts are prepared by 
introducing chiral ligands into the coordination sphere of the transition metal. The chiral 
ligands direct an organic transformation to give mainly one of the two possible optical 
isomers. This selectivity is expressed as % ee (enantiomeric excess). The enantiomeric 
excess is defined by the Equation 1.14, where R and S are the relative quantities of R and S 
enantiomers. 58 
_( R_-_S_) x 100% 
(R +S) 0 (1. 14) 
Asymmetric catalysis is an ideal method for producing optically active compounds. 
Use of a small amount of a chiral catalyst produces chiral materials in large quantities.59 
A notable success in enantioselective catalysis with transition metal compounds has 
been achieved in the hydrogenation of dehydroamino acids to give optically active amino 
acids. An example is the conversion of (Z)-a-acetamidocinnamic acid (5) into N-
acetylphenyl alanine (Scheme 1.3, next page). 
14 
Scheme 1. 3 
CH C H , CH2C6Hs I 2 6 5 I I 
cat ··C 1 /c. 
--· -.. H···· J , : HOOC l 0°'H 
AcHN COOH: NHAc 
5 s R 
acetylphenylalanine 
The enantioselective catalyst controls the formation of one isomer (S or R) by 
differentiating the addition of the hydrogen atom to the prochiral carbon atom.60 Chiral 
rhodium complexes are usually used in such hydrogenation reactions.61 In case of using 
(S)-BINAP as chiral ligand, the %ee was 100 and the product has (R)-configuration.62 
Another important reaction is asymmetric oxidation. Presently, there are three 
general methods for the asymmetric oxygenation of olefins. The most commonly is the 
Sharpless epoxidation of allylic alcohols with hydroperoxides catalyzed by titanium(IV) 
chiral diisopropyltartrate (DIPT) complexes which was discovered in 1980.63 Of a large 
number of asymmetric transformations, one of the simplest and most useful is the 
conversion of allyl alcohol to chiral glycidol (Scheme 1.4: TBHP = t-butylhydroperoxide ). 
Scheme 1. 4 
(-) DIPT, Ti(O-i-pr)4 
TBHP 
(+) DIPT, Ti(O-i-pr)4 
TBHP 
l(:oH 
(R) 
r·::o 
~OH 
(S) 
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Despite its usefulness, the Sharpless epoxidation is largely restricted to oxidation of allylic 
alcohols. Tue Jacobsen epoxidation procedure does not suffer from this limitation.64 
Macrocyclic complexes of Mn(ill) prepared from chiral diamines catalyze the epoxidation 
of unfunctionalized olefins by hydroperoxides. A typical example is shown in Figure 1.4 
where R1 and Ri can be a wide variety of substituents. One of the most active catalysts is 
the case where R1 = Ri = t-Bu. 
Figure 1. 4 
Tue third asymmetric oxidation procedure consists of the vicinal hydroxylation of 
olefins by Os(Vill) catalysts.65 It has been known for many years that osmium tetraoxide 
catalyzes the oxidation of olefins by H20 2. More recent improvements involve the use of 
N-methylmorpholine-N-oxide (NMO) and potassium ferricyanide as oxidant and the 
development of a catalytic air oxidation cycle using Cu(Il) to regenerate the Os(Vill) from 
the reduced Os(VI). The Cu(I) formed can be oxidized back to Cu(Il) by 0 2 to give a net air 
oxidation. 
Tue asymmetric version, as with the previous two systems discussed, involves the 
addition of an appropriate chiral ligand to the coordination sphere of the Os(Vill). This 
ligand was originally dihydroquinidine acetate (DHQD-OAc: Figure 1.5, R = Ac) or 
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dihyroquinine acetate. This system does not require an allylic alcohol, as in the Ti catalyzed 
epoxidation, to obtain enantioselectivity. Thus the asymmetric dihydroxylation is a general 
reaction, a trait that could make it useful for the preparation of a wide variety of chiral 
biologically active compounds. 
Meo 
Figure 1. 5 
Thus, there is a whole stable of useful asymmetric catalytic syntheses related to the 
approaches described in this thesis. With more research these syntheses should become 
even more valuable. However, in spite of the success of present methods of asymmetric 
synthesis, there is always a need for new strategies for asymmetric synthesis of a wider 
range of organic functional groups. These new methods would be especially exciting if they 
are catalytic air oxidations with the benefits of higher reaction rates and longer catalytic 
lifetimes. 
1. 4. Concepts for new asymmetric syntheses 
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Catalytic oxidation of olefins with simple complexes of Pd(II) usually involves 
oxidation to carbonyl products. The products cannot be chiral and thus cannot give 
stereochemical information. The real challenge in transition metals ion catalysis is to tailor 
the catalysts by addition of appropriate ligands to give useful chiral products. 
The mechanism of the aqueous PdCl/- catalyzed oxidation of ethene to ethanal 
(Wacker reaction) has generated considerable controversy.66 The rate expression under low 
[Cr] conditions was found to be given by Equation 1.15.67 
rate= k[PdCl/][olefin]/[W][Cr)2 (1. 15) 
The l/[Cr]2 term must arise from two pre-equilibria to put water and olefin in the 
coordination sphere of Pd(II). The dispute in the Wacker process involves the source of the 
proton inhibition term. This term could be explained by routes involving either cis or trans 
addition to a Pd(II)-n-complex. The kinetics and deuterium isotope effects are consistent 
with a mechanism in which proton inhibition results from the acid dissociation shown in 
Equation 1.16. 
PdCl2(H20)( olefin) 
6a 
PdCb(OH)(olefin) + H 
6b 
+ (1. 16) 
This step is followed by the cis attack of coordinated hydroxide shown in Equation 1.17 
slow 
... 
H H 
I I 
Cl--C-C-OH I Pd/~ I~ 
Cl--OH2 
7 
(1. 17) 
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However, more recent stereochemical studies have suggested that the addition of 
Pd(II) and hydroxyl is a trans process. At high [Cr] (>3M), 2-chloroethanol becomes a 
major product.68 (E)- and (Z)-ethene-d2 were oxidized at high [Cr] (3.3 M) in the CuCh 
promoted reaction to give 2-chloroethanol-d2.69 The configuration of the chloroethanols 
obtained from the two deuteriated ethenes was consistent only with trans hydroxy-
palladation. Considering these studies, presently the generally accepted mechanism for the 
Wacker reaction involves trans attack on a Pd(Il)-ethene n-complex as shown in Scheme 
1.5 using (Z)-ethene-d2 as example. 
D 
H-t 
Cl--"" I Pd 
Cl--OH2 
6a 
Scheme 1. 5 
+ 
[Cl-)> 3M 
[CuCl2) > 2.5 M 
k1 ).. 
H J? OH -ci~t-d··"''D I Pd I ""-H+H 
Cl--OH2 + 
7' 
retention/ 
/ 2CuCl2 \ D 
H ~ OH ,~ / acetaldehyde-d2 
+ C-C. .... ,,D 
Cl/ \ 
H 
+ 2CuCI 
THREO 
Note that the proton inhibition in this case results from the equilibrium hydroxypalladation 
to give 7'. However, there is now a growing body of evidence that there are two modes of 
addition: one that predominates at low [Cr] and another that predominates at high [Cll 
Furthermore the two modes of addition apparently have opposite stereochemistries. Thus, 
allyl alcohol-1,l- and 3,3-d2, are oxidized to Wacker products by the rate expression given 
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by Equation 1.15 at low [Cr].70 However, at [Cr]> 2.0 M, these allyl alcohols undergo a 
non-oxidative isomerization and solvent exchange that obeys the rate expression given by 
Equation 1.18.71 
rate= k[PdCl/][allyl alcohol-d2]/[Cr] (1. 18) 
This rate expression is consistent with trans attack on an trichloropalladium(ll)-olefin n-
complex. The reaction scheme is shown in Scheme 1.6 where the intermediate 9 cannot 
oxidatively decompose but undergoes dehydroxypalladation to give isomerized allyl 
alcohol-d2. 
Scheme 1. 6 
Cl--7\ ... I Pd 
Cl Cl 
+ + H 
8 
k., ,... 
Apparently, the reason 9 is stable to oxidative decomposition is the fact it does not 
have a labile coordination site for hydride transfer that would initiate oxidative 
decomposition. Note that the intermediate 7 in Equation 1.17 does have a labile aquo 
containing coordination site. 
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Furthermore, in two papers by Francis and Henry, the kinetics and stereochemistry 
of the allylic isomerization of the tetra-substituted allylic alcohol (E)-2-methyl-d3-4-methyl-
l, l, l ,5,5,5- hexafluoro-3-penten-2-ol into an equilibrium mixture with its allylic isomer, 2-
methyl-4-methyl-d3-l, 1, 1,5,5,5-hexafluoro-3-penten-2-ol, in aqueous solution, was studied 
by 1H and 2H NMR under conditions of both low (<1.0 M)72 and high (>2.0 M) chloride 
concentrations.73 The rate expression under low [Cr] conditions was found to be given by 
Equation 1.15, while the rate expression at high [Cr] is given by Equation 1.18. The most 
significant result is that stereochemistry of addition was different at low and high rcn. 
Since independent studies at high [Cr] indicate trans addition,74 cis addition must occur at 
low [Cll The important point is that these results provide strong evidence that the 
intermediate captured by CuCli is not 7' (Scheme 1.5), but rather a trichloropalladium 
adduct analogous to 9 in Scheme 1.6. Also, the trans attack occurs on the trichloro-species 
8 rather than 6a. 
A question to be answered is how can this mechanistic insight be used to design 
new catalytic systems? Note that in the cis addition mechanism (Equation 1.17), water is a 
reactant and thus must be in the coordination sphere of Pd(II). In the trans addition 
(Scheme 1.5) water only serves to give a neutral complex. Consider the effect of pyridine 
substitution on the cis addition mechanism. Scheme 1.7 (next page) outlines the reaction 
sequence. The first point is that the Wacker oxidation will be inhibited because the 
equilibrium to put water in the coordination sphere will create the positively charged 
complex, 11. This is a process that will be energetically unfavorable. On the other hand, 
the hydroxypalladations adduct, 12, will have one less negative charge than the stable 
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intermediate, 9 (Scheme 1.6), found at high [Cll Thus it should be stable to decomposition 
to acetaldehyde at much lower [Cr]. Tue net result is that the CuCli promoted reaction 
should occur at lower [Cl} The trans addition mechanism would predict an increase in rate 
of factors of 50 - 500 and no effect on the CuCli promoted reaction. 75 
H 
I H-C 
- + 
Cl + PdC~20)(Py)(C2Rt) 
11 
i-H• 
Scheme 1. 7 
"" k. 
+ H 
+ 2CuCl 
It was found that the kinetics of formation of CH3CHO followed the Wacker rate 
expression, Equation 1.15, but the value ofk was decreased by factor of 750 as predicted by 
the cis addition mechanism! Even more exciting was the effect on the CuCli promoted 
reaction. At [Cr]= 0.2 Mand [CuCli] = 4 M, the CH3CHO/ClCH2CH20H ratio was about 
1 while at [CuC}i] = 8 M, the product was 98% ClCH2CH20H! 75 With PdCl/, [Cr]= 0.2 
M, no chlorohydrin would have been formed at any cupric chloride concentration. The 
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crucial result is that putting chiral ligands in the coordination sphere of Pd(II) to give 
asymmetric induction gives the desired saturated organic product that can display chirality. 
1. 5. a-Hydroxy Ketones 
a-Hydroxy-carbonyl groupings are common structural features of many natural 
products and, thus, are useful chiral building blocks in the synthesis of biologically active 
compounds. The direct oxidations of the parent carbonyl compounds and their enol 
derivatives leads to optically active a-hydroxy-carbonyls. 76 Most of the overall 
enantioselective procedures lead to a-hydroxy-acid derivatives. 77 Asymmetric syntheses 
of a-hydroxy-ketones have been reported by many groups.78•79 However, except for the 
hydroxylation of metalated chiral hydrazone78, the asymmetric inductions were not high. 
Lohray et al80 have reported that a-hydroxy-ketones were obtained in a very high 
enantiomeric purity (Scheme 1 .8, next page). In this method, they oxidized a-silylated 
ketones to give a-hydroxy-ketones. The key step for this procedure is the silicon-directed 
diastreoselective oxidation of the corresponding silyl enol ethers of (S)-13, with m-
chloroperbenzoic acid followed by flash chromatography and desilyation. 
1.6. Allylic Isomerization 
Palladium(II) complexes are capable of catalyzing rearrangement of all olefinic 
systems to which they complex. This ability to catalyze rearrangements has been utilized in 
synthesis involving allylic systems. 
0 
Ri '' """ /C'- /R1 H"JC CH2 
(t-Bu)Me2Si (S)-13 
ee > 98°/o 
1.aorbl 
2. cord 
(S, R)-14 
Scheme 1. 8 
___.. ___.. ___.. ___.. 
SI - 70% 
(R)-16 
ee>98% 
r •q. HBF,, THF 
0 
Ri II 
I. SN aq. HCI ""' /C~ /R1 
2. Flash chromatography C C H•"".. . .... ,,H 
I ~H (t-Bu)Me2Si 
(S, R)-15 
a) LDA, THF, -78°, Me3SiCI ; b) Me3SiCH2C02Et, Bu.NF, THF; 
c) m-CPBA, hexane,0°; d) Oxidation, CHCl3, reflux. 
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The general transformation is shown in Scheme 1.9 (next page), along with a likely 
mechanism that involves coordination of the olefin to Pd(II), thereby activating it to 
nucleophilic attack. Nucleophilic attack by Y gives a zwitterionic intermediate (17) and 
collapse of the intermediate produces the rearranged product (18) with ejection of 
palladium(II). 
Catalysis of the equilibration of allylic esters by mercury(II) salts was first reported 
by Overman and Campbell in 1976.81 ·82 Palladium(II) salts were found to be even more 
effective than mercury(II) salts for equilibration of allylic esters. 83 Catalysis by palladium 
(II) was recognized by Winstein et al84 in their investigations of the oxidation of alkenes 
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with palladium acetate in acetic acid. They suggested that allylic isomerization probably 
occurred in the case of allylic esters via an oxypalladation-deoxypalladation route. 
Subsequently, this reaction was studied extensively by Henry,85•86 who demonstrated the 
involvement of two equilibration processes that proceed with and without exchange of the 
ester acyl group with acetic acid (Scheme I. I 0). 
Scheme 1. 9 
:x~v: 
Pd(ll) cat. :x0--..y. v ... v 
ll oo® 18 
rPd(ll) 
·x~v: ·x~Y: 
. ~ 
... 
. ~ . ~ ~ ~Pd(ll) (Pd( II) \ /\ 
17 
Scheme 1.10 
0 
II HOAc 
Pd(OAc)i + CH3CH=CHCH20CC2H5 
The intramolecular equilibration reaction was found to occur 500 times faster with 
propionate than with trifluoroacetate esters, and with complete I ,3-shift of the oxygen 
atoms (Scheme I. l I, next page). 86b 
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Scheme 1.11 
Pd(OAc)2, UCI 
HOAc, 25oC 
60% 40% 
Allylic esters are also equilibrated at higher temperatures (70-100 °C) by palladium acetate 
or palladium acetylacetonate in the presence of phosphine ligands. 87 
Allylic ester rearrangements catalyzed by palladium(ll) salts are not complicated by 
skeletal rearrangements, cyclizations, or elimination processes which often plague acid-
catalyzed equilibrations.82•88•89•90 Also, the (Z)-alkenes rearrange much slower than the 
corresponding (E)-isomers in the presence of palladium(ll) chloride and with clean 
suprafacial stereochemistry. This later feature has been exploited by Grieco et al91 who 
reported a complete transfer of chirality in the [3,3]-sigmatropic rearrangement of allylic 
acetates (Scheme 1.12). 
0 0 L-J 
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Scheme 1.12 
4% PdCl:z(MeCN)2 
THF, 25 <>C, 3.5 h 
Br 
0 0 L-J 
20 
26 
Note that the absolute stereochemistry observed at the newly formed chiral center (20) must 
result from the coordination of palladium to the face of the olefin opposite the acetate and 
attack of the olefin from the face opposite the metal as expected for the mechanism shown 
in Scheme 1.9. 111e greatest challenge would be isomerization catalyzed by asymmetric 
catalysts to give chiral molecules. 
Another interesting system would be the isomerization of allylic alcohol (Scheme 
1.13). 
Scheme 1.13 
HOCH2, ,.CH3 
H,.C=C,H +Pd"+ H20 trans 
OH HOCH2, 1 
c-c .. ,CH H~ I " 3 Pd 11 H 
H 
H-C OH 
,, I 
c-c .. ,cH 
I \. 3 H H 
1.7. Catalyst Systems 
Another series of results related to the proposed studies involve heterogeneous 
bimetallic Pd(II) catalytic species developed by this research group.92 The polymer is of 
the polyphenylene type prepared by the cyclic trimerization of acetyl groups. The group 
used for the chemical modification is the methyl benzoate functionality. The monomers 
were m- or p- acetyl methylbenzoate polymerized with m- or p-diacetylbenzene. Since 
the methyl benzoate function is not involved in the polymerization, its concentration is 
quite high. 
27 
As shown in Scheme 1.14, the chemical modifications involve the reaction of the 
methylbenzoate surface species with the anion of a methyl ketone to give 21 and with the 
dianion of a 13-diketone to give the triketone, 23. 
Scheme 1.14 
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This reaction sequence places the two types of ligand groups on the polymer surface 
selectively. The first reaction only puts on the diketone species while the second reaction 
only puts on the triketone without any contamination from the diketone surface species. 
Thus, when treated with metal ions, pure 22 and 24 will be formed. The rigid 
polyphenylene-type polymer structure was chosen because the surface ligands, which are 
placed on the surface by the modifications described below, cannot diffuse together to 
form bis complexes. Since these surface complex species are coordinately unsaturated, 
these heterogeneous catalysts should be more reactive than their bis or tris complexed 
counterparts in homogeneous solution. The characterization of these polymers, as well as 
low molecular weight model systems, was carried out by mass spectra, 1H and 13C NMR 
and FT-IR. 
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Of present interest are the bimetallic systems formed by reacting Pd(II) salts with 
the modified polymers (Scheme 1.14, M = Pd(II) ). The results for the bimetallic systems 
were compared with results for related monometallic systems. The pertinent findings are 
summarized below:92-94 
1. The surfaces catalyzed the rapid air oxidation of 3,5-di-tert-butylcatechol 
(DTBC). The diketone surfaces gave only 3,5-di-tert-butyl-o-quinone (DTBQ) while the 
triketone surfaces gave ring-cleaved products, confirming the special catalytic effect of 
the triketone surface. Also, only the triketone catalysts showed any activity for ring 
cleavage oxidation ofDTBQ. 
2. With bifunctional organic compounds such as allylic alcohols, glycols and 
sugars, which can coordinate to both Pd(II)'s, the oxidation rates with bimetallic catalysts 
were at least an order of magnitude faster than with the monomeric catalysts. 
3. The bimetallic catalysts were directly air oxidizable with turnovers of over 
l 0,000 without loss in activity. Mono-metallic catalysts, on the other hand, deposited 
palladium metal after several hundred cycles. The reason the bimetallic displays 
increased stability is believed to result from the fact that the reduced palladium species is 
a Pd(I) dimer (Equation 1.19). 
Pdo + P<l" .. slow I I 
-Pd-Pd-
1 I 
(1.19) 
The palladium(I) dimer is stable towards decomposition to Pd(O) and thus the time life is 
sufficiently long to react with 02 to produce a Pd(II) dimer. The reduced species with a 
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monometallic catalyst is Pd(O) which will tend to coagulate to form solid palladium 
metal. This results gives fewer number of cycles. 
4. Asymmetric catalysts were prepared by adding one chiral diphosphine to each 
bimetallic site. This catalyst oxidized 50% of a sample of 4-hexen-3-ol to the 
corresponding ketone at an appreciable rate. The reaction then almost stopped. 1H-NMR 
analysis of the unreacted alcohol using a chiral shift reagent showed it to be quantitatively 
(>98% ee) one optical isomer. This result is best explained if the chiral diphosphine 
spans both Pd(II)'s so all catalytic sites are asymmetric. The high stereoselectivity is 
attributed to rigid structure of the system. A monomeric catalyst with a chiral mono-
phosphine is not expected to display such selectivity. 
These results suggested that a bimetallic homogeneous catalyst with chiral ligands 
could be an exciting new asymmetric catalytic system. It should be soluble in aqueous 
solvents and would be expected to give high chiral induction on the basis of preliminary 
results on kinetics resolution in the heterogeneous system. In addition, it is directly air 
regenerable. 
The catalyst systems shown in Scheme 1.15 (next page) are being used in this study. 
In all cases, the counterion is BF4-. The structure of the bimetallic catalyst (27) is shown 
in Scheme 1.15. Also shown are two monometallic catalysts, 25 and 26. 25 is similar to 
structure to 27 and thus will serve as a monometallic model system to which the results 
for 23 will be compared. It is analogous to 22 (Scheme 1.14) for the heterogeneous 
system. 
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• L = (R)-N,N-dimethyl-1-phenethylamine 
(S)-Neomenthyldiphenylphosphine 
X=MeCN 
Scheme 1.15 
L-L =(-)-or (+)-DIOP, 
(IR,2R)-DACH, 
(S)-BINAP 
X=MeCN 
27 
L-L =(-)-or (+)-DIOP, 
(I R,2R)-DACH, 
(S)-BINAP 
X=MeCN 
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Catalyst 26 has a bidentate chiral ligand attached to a single Pd(II). Thus it might be 
expected to produce higher chiral inductions than 27. However in its reduced form it is 
not directly air oxidizable so it is only useful where a second oxidant such as CuCh is 
also present or for a non-oxidative reactions such as exchange. Where appropriate the 
chiral inductions for 26 and 27 will be compared to determine the most effective catalyst. 
1.8. Scope of the Study 
The objectives of this project are to develop new tools for asymmetric synthesis to 
supplement the present arsenal of these catalysts. These new catalytic systems could be 
very valuable synthetic methodologies for organic, bioorganic and natural product chemists 
and could be useful for "Chirotechnology", the development of chiral drugs, which is 
presently a very active and vital field of research.95 The development of the new catalytic 
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systems will be emphasized at the expense of their use for practical new asymmetric 
syntheses. Also only homogeneous catalysts, which will undergo more meaningfully 
mechanistic study, will be considered. However, the results of the studies will be very 
useful in designing heterogeneous systems. 
An auxiliary goal is to gain more detailed insight into the modes of operation of 
transition metal catalysts so that more use can be made of the predictive powers of this 
chemistry. 
This study is concerned with the preparation of chiral mono and dipalladium 
catalysts. These chiral catalysts will be used in the oxidation of olefins using CuCii or 
benzoquinone as reoxidant. 
2.1. General Methods 
2.1.1. Instruments 
CHAPTER2 
EXPERIMENTAL 
All 1H, 13C, 31P NMR spectra were recorded on a 300 MHz Varian VXR 300 
spectrometer. Chemical shifts for 1H and 13C are relative to (CH3) 4Si. 31 P chemical shifts 
are relative to 85% H3P04 at 0.0 ppm. IR spectra were recorded on a Perkin Elmer Model 
1310 Infrared spectrometer or an ATI Mattson Genesis series FT-IR spectrometer. Melting 
points were recorded on a Laboratory Devices Mel-Temp apparatus using a calibrated 
thermometer. Elemental analyses were performed by Midwest Microlab, Indianapolis, 
Indiana 46250. GLC analyses were carried out on a GOW-MAC gas chromatograph 
(Model 350). Sodium content was determined by atomic absorption spectrophotometry 
using a Perkin Elmer 5000 AA spectrometer. 
2.1.2. Chemicals 
Palladium sponge, sodium tetrafluoroborate, (+) and (-)-2,3-0-Isopropylidene-2,3-
dihydroxy-1,4-bis( diphenylphosphino )butane (DIOP), (1 R,2R)-(-)-1,2-diaminocyclohexane 
( 1 R,2R-DACH), (R)-( + )-N,N-dimethyl-1-phenethylamine, tris[3-(heptafluoropropyl-
hydroxymethylene )-( + )-camphoratol],europium(III) derivative (Eu(hfc )3), sodium hydride 
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(60% dispersion in mineral oil), (S)-(-)-propylene oxide, (S)-(+)-2-chloro-1-propanol, 1-
phenyl-1,3-butanedione, 1, 1, 1-trifluoro-2,4-pentanedione, 2,4-pentanedione, dehydroacetic 
acid, propylene, and trans-2-butene were obtained from Aldrich Chemical Co. (S)-(+)-
Neomenthyldiphenyl-phosphine {(S)-NMDPP} was obtained from Strem Chemicals. (S)-
(-)-2,2'-bis( diphenyl-phosphino )-1, l '-binaphthyl { (S)-BINAP} was obtained either from 
Fisher Sceintific or Strem Chemicals. Trans-2-pentene, and trans-2-hexenylacetate were 
obtained from Lancaster Synthesis, Inc. Allyl phenyl ether was obtained from Fluka 
Chemical Corp. All chemicals were used as received. Solvents were reagent grade. 
Dichloromethane, diethyl ether, tetrahydrofuran, and acetonitrile were dried over calcium 
hydride (CaH2) and distilled and stored under argon. The preparation of polyketones 
required moisture exclusion techniques. All reaction glassware were dried overnight at 110 
°C before use. The apparatus was assembled and lightly flamed while passing argon 
through the system. Moisture sensitive solvents and solutions were transferred via cannulas 
and/or syringes. Reflux reactions under nitrogen or argon were normally performed in a 
three-neck round bottom flask fitted with a condenser, an inert gas adapter and a suba seal 
septum. Reagents were introduced through the neck with the septum. The reactions were 
accomplished under a slight positive pressure of the inert gas. Allyl-a-naphthyl ether was 
prepared by a literature procedure. 96 
2.1.3. Determination of% ee 
The % ee was determined by using 1H- or 13C-NMR in the presence of chiral 
Eu(hfc )3. A range of 0.1-0.3 mole ratio of Eu(hfc )3 with respect to the chiral material was 
used. 
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2.1.4. Oxidation Procedure 
To provide good gas liquid mixing, the reactions were run in creased flasks at 25 °C 
at a constant gaseous olefin (such as propylene and trans-2-butene) or dioxygen (in case of 
liquid olefins) pressure of one atmosphere. The progress of the oxidations was followed by 
gas (olefin or dioxygen) uptake measured by gas burets thermostated at the reaction 
temperature (Figure 2.1, next page). The reaction flask was a 250 mL two-necked coned 
shaped flask with the sided indented at four places to increase stirring efficiency. The 
apparatus is similar to that previously reported.97 In a typical run the flask containing 30-50 
mL of reaction mixture was placed in a constant temperature bath and connected to the gas 
buret. The system was then evacuated for 10 minutes on the vacuum line with stirrer 
running. The stirring was stopped and the system pressurized to 1.0 atmosphere with 
dioxygen. The mercury in the gas buret and the leveling bulb were equalized and a reading 
taken. The stirrer was then activated. Atmospheric pressure was maintained by 
continuously leveling the mercury in the gas buret. The volume of dioxygen consumed was 
measured at regular time intervals (t) to give a series of readings (V.). 
2.2. Preparation of allyl-a-naphthyl ether96 
a-Naphthol (20.0 g; 0.139 mmoles), allyl bromide (16.8 g; 0.139 mmoles), 
potassium carbonate (19.2 g; 0.139 mmoles), and acetone (150 mL) were heated under 
reflux for 2 hours. The acetone was removed under reduced pressure, the slurry treated with 
0.1 N aqueous sodium hydroxide and extracted with ether. The ether washings were 
washed with water, dried, and evaporated to give a light brown oil. This oil product was. 
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charged on an alumina column. The column was eluted with petroleum ether to give an 
almost colorless oil. The solvent was removed by vacuum. The yield was 20.4 g (79.7%). 
1H-NMR (CDCh): 8 = 4.56 (d, 2H), 5.27 (dd, IH), 5.47 (dd, lH), 6.13 (m, IH), 6.74 (d, 
lH), 7.25-7.43 (m, 4H), 7.71 (t, lH), and 8.23 (t, lH) ppm (Appendix B.19). 13C-NMR 
(CDCh): 8 = 35.8, 116.9, 117.8, 120.3, 121.2, 125.2, 125.7, 127.5, 128.3, 133.7, 136.0, and 
149.5 ppm 
2.3. Preparation of B-triketones 
2.3.1. 1-Phenyl-l,3,5-hexanetrione (PHT)98 
To a stirred slurry of 5.00 g (0.208 moles) sodium hydride in 150 mL of 1,2-
dimethoxyethane (DME) at reflux, under argon, was added a solution of 0.0585 moles of 
2,4-pentanedione in 50 mL of DME, followed, after one hour, by 7.30 mL (0.0587 moles) 
of methylbenzoate. The reaction mixture was refluxed for 7 hours. Most of the solvent was 
removed under reduced pressure and the pasty residue was cooled to 0 °C in an ice-water 
bath. Diethyl ether (150 mL) was added. After stirring the mixture for a few minutes, 100 
mL of cold water was added. Initially, the water was added dropwise until the excess 
sodium hydride was destroyed. The two layers were separated. The ethereal layer was 
extracted with two I 00-mL portions of cold water and with 100 mL of cold 1 % aqueous 
sodium hydroxide. The extracts combined with the original aqueous layer and then poured 
onto a mixture of 40-50 mL of 12 N hydrochloric acid and 200 g of crushed ice. The 
resulting precipitate was collected on a funnel. The product was recrystallized from 95% 
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ethanol to give 7.30 g (61.2%) of l-phenyl-1,3,5-hexanetrione. Melting Point= 97-98 °C. 
1H-NMR (CDCh): 8 = 2.05 (s), 2.07 (s), 2.33 (s), 3.58 (s), 3.99 (s), 5.35 (s), 5.85 (s), 6.26 
(s), 7.47 (m), and 7.85 (dd) ppm. 13C-NMR (CDCh): 8 = 22.1, 30.6, 50.1, 55.0, 96.0, 97.3, 
99.6, 100.9, 119.4, 126.4, 127.2, 128.6, 128.7, 28.8, 129.2, 130.2, 131.6, 132.8, 133.7, 
133.8, 174.0, 178.8, 183.5, 189.4, and 194.0 ppm. 
2.3.2. l,5-Diphenyl-1,3,5-pentanetrione (DPPT) 
The preparation of this yellow compound was accomplished using the procedure for 
PHT with l -phenyl-1,3-butanedione and methylbenzoate as starting materials. The final 
product recrystallized from hot 95% ethanol giving 80.0% yield. Melting Point = 104-106 
°C. 1H-NMR (CDCh): 8 = 4.10 (s), 4.32 (s), 6.01 (s), 6.31 (s), 7.46 (m), 7.62 (t), 7.86 (dd), 
and 8.06 ppm. 13C-NMR (CDCh): 8 = 51.5, 96.8, 126.4, 128.6, 131.8, 133.7, 173.7, and 
194.0ppm. 
2.3.3. 1-Phenyl-6,6,6-trifluoro-1,3,5-hexanetrione (PFHD 
The preparation of this yellow compound was accomplished using the procedure for 
PHT with 1,l,l-trifluoro-2,4-pentanedione and methylbenzoate as starting materials. The 
final product recrystallized from hot 80% ethanol giving 47.8% yield of l-phenyl-6,6,6-
trifluoro-1,3,5-hexanetrione. Melting Point= 67-69 °C. 1H-NMR (CDCh): () = 4.10 (s), 
6.16 (s), 7.48 (m), and 7.86 (dd) ppm. 13C-NMR (CDCb): 8 = 25.8, 54.2, 66.0, 96.7, 127.0, 
128.6, 128.8, 132.2, 134.9, 183.3, and 193.7 ppm. 
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2.3.4. 2,4,6-Heptanetrione (HpT)99 
A mixture of 10.0 g (0.0595 moles) of dehydroacetic acid and 50.0 mL concentrated 
hydrochloric acid were boiled until the evolution of carbon dioxide ceased (about one hour) 
and refluxed for an additional 5 hours. The solution was then evaporated under reduced 
pressure, leaving a semi-solid mass that was dissolved in 10% sodium hydroxide solution. 
A solution of barium hydroxide (24 g) in boiling water was added and a yellow precipitate 
was collected and dissolved at once in an excess of 15% hydrochloric acid. This acid 
solution was extracted with diethyl ether, evaporation of which gave an oil which was 
distilled to give 2,4,6-heptanetrione (5.05 g, 59.8% yield). Boiling Point= 105-107 °C (full 
vacuum). Melting Point= 45-46 °C. 1H-NMR (CDCh): & = 1.84 (s), 1.94 (s), 2.10 (s), 2.12 
(s), 3.28 (s), 3.58 (s), 5.02 (s), 5.45 (s), and 5.93 (s) ppm. 13C-NMR (CDCh): & = 19.4, 
21.5, 24.3, 30.1, 53.5, 57.4, 98.4, 100.9, 113.3, 165.5, 178.3, 180.0, 186. 7, 190.9, 194.0, and 
202.0 ppm. IR (CH3CN): 2980, 2900, 1705, 1657, 1585, 1230, 1180, 1150, 1138, 1000, 
936, 887, and 820 cm·'. 
2.3.5. 1-Phenyl-6,6,6-trifluoro-l,3,5-hexanetrione; disodium salt (Na~[PFHT)) 
A gram sample of 0.570 g (2.21 mmoles) of l-phenyl-6,6,6-trifluoro-l,3,5-
hexanetrione and 0.100 g (4.35 mmoles) of sodium were stirred in 25 mL THF. The 
reaction was stirred for 48 hours at room temperature. Hydrogen gas was evolved during 
the reaction. THF was removed by vacuum. A golden solid was obtained, dried and 
weighed at 0.642 g (96.1% yield). Melting Point= 235-237 °C decomposed. 1H-NMR 
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(DMSO): {) = 5.60 (s), 7.28 (br.s), 7.72 (br.s), and 7.91 (t) ppm. 13C-NMR (DMSO): {) = 
79.2, 93.5, 126.3, 127.l, 127.4, 128.4, 129.0, 170.3, 179.9, and 188.l ppm. 
2.3.6 Sodium acetylacetonate (Na[acac]) 
A gram sample of 1.40 mL (13.6 mmoles) of 2,4-pentanedione and 0.310 g (13.5 
mmoles) of sodiwn were stirred in 25 mL THF. The reaction was stirred for 48 hours at 
room temperature. Hydrogen gas was evolved during the reaction. THF was removed by 
vacuwn. A yellow solid was collected and dried. Yield was 1.60 g (97.1% yield). Melting 
Point= 195-197 °C decomposed. 1H-NMR (DMSO): {) = l.62(s), and 4.83(s) ppm. 13C-
NMR (DMSO): {) = 29.0, 96.7, and 186.0 ppm. 
2.4. Preparation of Catalysts 
2.4.1. Tetraacetonitrilepalladium(II) tetrafluoroborate100 
A gram sample of 1.00 g (9.40 mmoles) of Pd sponge and 2.20 g (18.8 mmoles) of 
NOBF 4 were stirred in 50 mL of CH3CN under argon. NO generated in the course of the 
reaction was removed periodically. After stirring for 24 hours, the mixture was filtered to 
yield a yellow filtrate. A yellow solid was obtained by the addition of anhydrous Et20 and 
dried under vacuwn. The yield was 4.00 g (96.0%). 1H-NMR (CD3N02): {) = 2.65 (s) ppm. 
IR (nujol): 2335 (s), 1100- 1000 (vs.hr), and 760 cm-1• 
2.4.2. Acetonitrile chloro-1,10-phenanthroline palladiurnCTI) tetrafluoroborate 
([Pd(MeCN)Cl(phen))BF 4} 
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A gram sample of 1.69 g (7.80 mmoles) of 1,10-phenanthroline monohydrochloride 
in 15.0 mL CH3CN was added dropwise to 7.80 mmoles of [Pd(CH3CN)4](BF4)2 dissolved 
in 50.0 mL CH3CN. An orange precipitate was formed immediately and the color of the 
solution became yellowish-red. The orange crystals were collected by suction filtration, 
washed with diethyl ether, and dried under vacuum at 40 °C for 24 hours. The 
PdC14H11N3ClBF4 produce 2.67 g (76.1% yield). Calculated for PdC14H11N3ClBF4: C, 
37.37; H, 2.46; N, 9.34; Cl, 7.88. Found: C, 37.63; H, 2.42; N, 9.37; Cl, 8.21. Melting 
Point= 280-282 °C decomposed. 1H-NMR (DMSO): 8 = 2.08 (s, 3H), 8.10 (m, 2H), 8.25 
(s, 2H), 8.97 (m, 3H), 9.27 (d, lH) ppm (Appendix A.I). 13C-NMR (DMSO): 8 = 1.3, 118, 
126, 128, 130, 141, 146, and 152 ppm (Appendix A.2). FT-IR (nujol): 3090 (m), 3063 (m), 
3056 (m), 2954 (vs), 2928 (vs), 2855 (vs), 2337 (m), 2310 (m), 1603 (m), 1585 (m), 1518 
(m), 1493 (m), 1486 (m), 1464 (m), 1457 (m), 1413 (m), 1155 (s), 1101 (vs), 1050 (vs), 
1031 (vs), 980 (vs), 881 (s), 851 9s), 784 (s), 750 (s), 725 (s), and 712 (vs) cm-1. 
2.4.3. Reaction of tetraacetonitrilepalladiurnCTI) tetrafluoroborate with 1,10-
phenanthroline 
A gram sample of 1.69 g (9.38 mmoles) of 1,10-phenanthroline in 15.0 mL CH3CN 
was added dropwise to 9.83 mmoles of [Pd(CH3CN)4](Bf4)2 dissolved in 50.0 mL CH3CN. 
A yellowish-orange precipitate was formed immediately and the color of the solution 
became yellow-orange. The solid was collected by suction filtration and recrystallized from 
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hot CH3N02 to yield two kinds of crystals; red and yellow. Further purification was 
accomplished by redissolving the yellow crystals in hot CH3N02 and recrystallized 
(compound I). The undissolved; orange crystals were recrystallized from hot CH3CN 
(compound II). Calculated for PdC24H1~4B2Fs {bis(l,10-phenanthroline) palladium (II) 
tetrafluoroborate; compound I}: C, 45.01; H, 2.52; N, 8.75. Found: C, 43.89; H, 2.61; N, 
9.00. Melting Point= 300 °C decomposed. 1H-NMR (DMSO): o = 8.26 (dd, 4H), 8.47 (s, 
4H), 9.12 (dd, 4H), and 9.41 (dd, 4H) ppm. 13C-NMR (DMSO): o = 127.2, 128.4, 130.9, 
141.9, 146.3, and 152.8 ppm. FT-IR (KBr): 3070 (m), 1603 (m), 1589 (s), 1516 (s), 1429 
(vs), 1346 (m), 1306 (m), 1222 (m), 1110-1070 (vs.hr), 839 (vs), 733 (s), 710 (vs), and 523 
(s) cm-1. Calculated for PdC1Jl14N4B2Fs {diacetonitrile-1,10-phenanthroline palladium(II) 
tetrafluoroborate; compound II}: C, 35.44; H, 2.60; N, 10.33. Found: C, 36.37; H, 2.50; N, 
8.67. Melting Point= 298-300 °C decomposed. 1H-NMR (DMSO): o = 2.06 (s, 6H), 8.12 
(dd, 2H), 8.34 (s, 2H), 8.69 (d, 2H) and 9.07 {d, 2H) ppm. 13C-NMR (DMSO): o = 1.13, 
118.1, 126.1, 127.8, 130.4, 141.2, 141.7, and 149.7 ppm. FT-IR (KBr): 3076 (s), 2926 (m), 
2847 (sh), 2363 (m), 1587 (vs), 1518 (s), 1476 (s), 1429 (vs), 1225 (s), 1100-1070 (vs.hr), 
848 (vs), 713 (vs), 522 (s), and 437 (m) cm-1. 
2.4.4. Acetonitrile-2,2'-terpyridinepalladiumOI) tetrafluoroborate 
([Pd(MeCN)( terpy)J (BF 4h} 
A gram sample of0.750 g (3.23 mmole) of2,2'-terpyridine in 20.0 mL CH3CN was 
added dropwise to 3.23 mmoles of [Pd(CH3CN)4](BF4)2 dissolved in 50.0 mL CH3CN, a 
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pale yellow precipitate was formed immediately. After 30 minutes stirring, the solid 
collected by suction filtration and recrystallized from hot CH3CN to give well formed 
crystalline needles. The product was dried under vacuum at 40 °C for 24 hours. The yield 
was 1.45 g (81.0%). Calculated for PdC11H14NJJiFs: C, 36.83; H, 2.55; N, 10.11. Found: 
C, 37.00; H, 2.52; N, 10.07. Melting Point= 292-294 °C decomposed. 1H-NMR (DMSO): 
() = 2.06 (s, 3H), 7.86 (t, 2H), 8.52 (m, 4H), and 8.64 (m, SH) ppm (Appendix A.3). 13C-
NMR (DMSO): 8 = 1.13, 118.5, 124.7, 125.5, 128.9, 143.2, 143.5, 150.5, 155.2, and 157.0 
ppm (Appendix A.4). IR (nujol): 3080 (m), 2345 (m), 2315 (m), 1600 (s), 1570 (m), 1555 
(m), 1460 (s), 1315 (s), 1245 (s), 1185 (m), 1165 (m), 1140-1000 (vs.hr), and 780 (s) cm·'. 
2.4.5. Diacetonitrile-(1R,2R)-(-)-1,2-diaminocyclohexane palladium(ll) tetrafluoro-
borate ([Pd(MeCN}~(-)DACHJ(BF .t}l} 
A gram sample of0.444 g (1.00 mmoles) of [Pd(CH3CN)4](BF4)2 and 0.114 g (l.00 
mmole) of (1R,2R)-(-)-l,2-diaminocyclohexane were stirred in 50 mL CH3CN. The 
mixture was stirred for 24 hours at room temperature. The solvent was reduced to l 0 mL 
by vacuum. A yellowish-brown solid was obtained by adding anhydrous EtiO. The 
product was washed with pentane and dried under vacuum. The yield was 0.390 g (81.9% ). 
Calculated for PdC10H20N4B2Fs: C, 25.22; H, 4.23; N, 11. 76. Found: C, 25.19; H, 4.30; N, 
11.44. Melting Point = 168-170 °C decomposed. 1H-NMR (DMSO): () = 0.995 (t), 1.22 
(m), 1.55 (d), 1.84 (dd), 2.05 (s), 2.22 (t), 2.40 (t), 4.45 (t), 5.11 (d), 5.45 (br.s), and 5.75 
(br.s) ppm. 13C-NMR (DMSO): 8 = 1.26, 23.7, 32.5, 59.6, and 118.6 ppm. FT-IR (KBr): 
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3350-3260 (vs.hr), 2980 (vs), 2337 (vs), 1591 (vs), 1455 (s), 1410 (s), and 1100-1000 
(vs.hr) cm-1. 
2.4.6. Diacetonitrile-1,5-diphenyl-l,3,5-pentanetrione-µ-l,2-bis( diphenylphosphino) 
ethane dipalladium(II) tetrafluoroborate ([Pd~(MeCN}~{DPPT)(DPPE)J(BF 4.)J} 
A gram sample of 2.09 g (4.70 mmoles) of [Pd(CH3CN)4](BF4)2 and 0.625 g (2.35 
mmoles) of 1,5-diphenyl-l,3,5-pentanetrione were stirred in 50 mL CH3CN in the presence 
After stirring for 12 hours, 0.880 g (2.21 mmoles) of 1,2-
bis( diphenylphosphino )ethane was added. The mixture was stirred for 12 hours to yield a 
red filtrate and a beige precipitate. The beige solid was washed with anhydrous Et20 and 
dried under vacuum. Melting Point= 343-346 °C decomposed. 1H-NMR (DMSO): 8 = 
3.01 (t, 8H), 7.27 (d.br, 16H), 7.35 (t, 16H), and 7.51 (t, 8H) ppm (Appendix A.17). 13C-
NMR(DMSO): 29.0, 125.5, 129.0, 132.5, and 133.2 ppm (Appendix A.18). 31 P-NMR 
(DMSO): 8 = 57.7 (s) ppm (Appendix A.19). Based on the NMR data, this compound is 
di( 1,2-bis( diphenylphospino )ethane) palladium(II) tetrafluoroborate. 
The filtrate was concentrated to l 0 mL and charged on a chromatographic column. 
The column was eluted first with EtiO to afford a thin yellowish-orange band, which was 
discarded. After that, the column was eluted with 30% CH3CN/Eti0. A wide dark brown 
band was collected under nitrogen. The solvent was removed by vacuum to yield dark 
brown crystals. The yield was 0.690 g (25.0%). Calculated for Pd2C41Rt2N2P203B2Fs: C, 
49.90; H, 3.74; N, 2.48; P, 5.48. Found: C, 49.51; H, 3.62; N, 2.32; P, 5.63. Melting Point 
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= 202-204 °C. 1H-NMR (DMSO): 8 = 2.06 (s), 2.96 (m), 3.09 (m), 6.95 (s), 7.30 (m), 7.66 
(m), and 7.92 (m) ppm. 13C-NMR (DMSO): 8 = 1.16, 24.9, 32.5, 90.8, 92.1, 118.8, 121.8, 
126.9, 128.9, 134.8, 144.6, 152.4, 157.3, 172.1, 175.5, and 180.l ppm. 31 P-NMR(DMSO): 
() = 71.99 (s) ppm (Appendix A.5). FT-IR (KBr): 3059 (s), 2915 (m), 2342 (m), 1684 (s), 
1645 (vs), 1586 (s), 1539 (vs), 1522 (vs), 1485 (vs), 1451 (vs), 1437 (vs),1393 (m), 1200-
1000 (vs.hr), 951 (w), 880 (m), 864 (m), 775 (s), 750 (s), 691 (vs), 532 (vs) and 484 (s) cm-1 
(Appendix A.6). 
2.4. 7. Diacetonitrile-1-phenyl-l,3,5-hexanetrione-u-{1R,2R)-(-)-l,2-diaminocyclo-
hexane dipalladiumOI) tetrafluoroborate ([Pd!(MeCN)!(PHT)(-)DACHJ(BF4h} 
A 0.880 g (2.00 mmoles) sample of [Pd(CH3CN)4](BF4)2 and 0.204 g (l.00 mmole) 
of l-phenyl-1,3,5-hexanetrione were stirred in 50 mL CH3CN in the presence of (C2H5)3N. 
After stirring for 12 hours, 0.114 g (1.00 mmole) of (lR,2R)-(-)-l,2-diaminocyclohexane 
was added. The mixture was stirred for an additional 12 hours and filtered. The filtrate was 
concentrated by vacuum to l 0 mL. An orange solid was precipitated by adding anhydrous 
EtiO to the filtrate. The product was washed with anhydrous Et20 and dried under vacuum. 
The yield was 0.560 g (72.5%). Calculated for Pd2C24H33NsB2Fs03: C, 34.90; H, 4.03; N, 
8.48. Found: C, 35.30; H, 4.31; N, 8.78. Melting Point= 138-140 °C decomposed. 1H-
NMR(DMSO): () = 1.13 (t), 1.25 (m.br), 1.52 (m), 1.75 (s), 1.95 (m), 2.07 (s), 2.15-2.37 
(m), 5.05 (m.br), 5.15 (m.br), 5.42 (m.br), 5.77 (m.br), 6.40 (s), 6.62 (s), 7.52 (m.br), and 
7.80 (m) ppm. 13C-NMR (DMSO): 8 = 1.14, 18.8, 22.9, 23.4, 32.5, 32.6, 45.7, 46.8, 88.7, 
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99.2, 118.9, 121.8, 126.9, 128,9. 134.8, 144.6, 165.4, 174.8, and 181.3 ppm. FT-IR (KBr): 
3355 (vs), 3260 (s), 3035 (m), 2976 (s), 2335 (vs), 1635 (m), 1605 (s), 1546 (vs), 1519 (s), 
1485 (s), 1465 (s), 1450 (s), 1405 (m), 1365 (m), 1100-1000 (vs.hr), and 765 (vs) cm-1. 
2.4.8. Diacetonitrile-2,4,6-heptanetrione-µ-{1R,2R)-(-)-1,2-diaminocyclohexane 
dipalladium01) tetrafluoroborate ([Pd~(MeCNbillpT)(-)DACHJ(BF 4.hl 
A 1.00 g (2.26 mmoles) of [Pd(CH3CN)4](BF4)2 and 0.160 g (1.13 mmoles) of 
2,4,6-heptanetrione were stirred in 50 mL CH3CN in the presence of (C2H5)3N. After 
stirring for 12 hours, 0.120 g (1.05 mmoles) of (1R,2R)-(-)-1,2-diaminocyclohexane was 
added. The reaction mixture was stirred for an additional 12 hours and then filtered. The 
filtrate was concentrated by vacuum to 10 mL. A yellowish-brown compound was obtained 
by the addition of anhydrous Et20. The compound was washed with anhydrous Et20 and 
dried under vacuum. The yield was 0.540 g (71.0%). Calculated for Pd2C11H2sN4B2Fs03: 
C, 28.25; H, 3.90; N, 7.75. Found: C, 27.27; H, 4.14; N, 8.67. Melting Point= 150-152 °C 
decomposed. 1H-NMR (DMSO): cS = 1.54 (m.br), 1.75 (s), 1.88 - 1.95 (m), 2.06 (s), 2.25 
(s), 4.67 (t.br), 5.13 (m.br), 5.50 (s.br), 5.60 (s.br), and 6.06 (s) ppm. 13C-NMR (DMSO): 
o = 1.2, 18.9, 23.7, 32.5, 45.7, 85.9, 95.6, 119.0, 167.8, 171.2, and 183.2. FT-IR (K.Br): 
3320-3270 (vs), 3250 (s),3005 (w), 2987 (s), 2335 (vs), 1650 (vs), 1590 (s), 1550 (s), 1490-
1420 (s.br), 1380 (m), and 1200-1000 (vs.hr) cm-'. 
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2.4.9. Diacetonitrile-1-phenyl-6,6,6-trifluoro-l,3,5-hexanetrione-µ-(-)-2,3-0-
isopropylidene-2,3-dihydroxy-l,4-bis( diphenylphosphino )butane di palladium 
01) tetrafluoroborate ([Pd~(MeCNh(PFHT)(-)DIOPJCBF4,}~} 
To a stirred of 0.880 g (2.00 mmoles) of [Pd(CH3CN)4](BF4)2 in 30 mL of dry 
CH3CN, was added a solution of 1.00 mmoles of l-phenyl-6,6,6-trifluoro-l,3,5-hexane-
trione, disodiurn salt in 10 mL CH3CN. The reaction mixture was stirred for 24 hours at 
room temperature. Then 0.498 g (1.00 mmole) of(-)-DIOP in 10 mL CH3CN was added to 
the reaction mixture. The reaction mixture was stirred for 12 hours at room temperature. 
Solvent was removed by a rotary evaporator. The solid was collected, washed with Et20 
dried under vacuum. The yield was 1.00 g (81.8% ). Melting Point = 119-121 °C 
decomposed. Calculated for Pd2C41~sOsN2P2B2F11. CH3CN. 1.5 NaBF4: C, 41.19; H, 
3.38; N, 2.94; P, 4.34. Found: C, 40.37; H, 3.76; N, 2.91; P, 4.34. 1H-NMR (DMSO): & = 
1.63 (s), 1.75 (s), 2.05 (s), 2.20 (dd), 2.30 (s.br), 4.10 (td.br), 4.37 (td.br), 6.31 (s), 6.57 (s), 
6.87 (d), 7.14 (t), 7.37 (m), 7.56 (m), 7.84 (m), and 7.95 (d) ppm (Appendix A.7). 13C-
NMR (DMSO): & = 1.13, 22.40, 26.45, 29.30, 74.82, 75.94, 97.02, 97.80, 99.00, 108.68, 
118.10, 126.29, 127.20, 127.37, 127.50, 127.86, 128.13, 128.59, 128.97, 129.27, 130.76, 
131.73, 132.66, 132.89, 133.16, 133.72, 135.85, 136.43, 167.36, 177.74, and 188.11 ppm 
(Appendix A.8). 31 P-NMR (DMSO): & = 22.8 and 22.9 ppm (Appendix A.9). FT-IR 
(nujol): 3030 (w), 2984 (vs), 2932 (vs), 2890 (m), 2365 (m), 2350 (m), 1660 (vs), 1582 (vs), 
1482 (vs), 1438 (vs), 1386 (m), 1244 (m), 1160- 998 (vs.hr), 881 (s), 818 (m), 746 (s), 693 
(vs), and 525 (vs) cm·1 (Appendix A.IO). 
2.4.10. Diacetonitrile-2,4,6-heptanetrione-µ-(-)-2,3-0-isopropylidene-2,3-dihydroxy-
l,4-bis( diphenylphosphino )butane dipalladiumill) tetrafluoroborate 
(f Pd1CMeCN}1(HpT)(-)DIOPJ(BF 4h} 
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The preparation of this yellowish-brown compound was accomplished using the 
procedure for 2.4.9 with 2,4,6-heptanetrione, [Pd(CH3CN)4](BF4)2, triethylamine and (-)-
DIOP as starting material. The final product was obtained in 71 % yield. Melting point = 
108-110 °C (decomposed). This compound was characterized by 1H-NMR, 13C-NMR and 
31 P-NMR (Appendix A.I I). 
2.4.11. Diacetonitrile-1-phenyl-6,6,6-trifluoro-l ,3,5-hexanetrione-µ-( + )-2,3-0-
isopropylidene-2,3-dihydroxy-l,4-bis( diphenylphosphino )butane di palladium 
QI) tetrafluoroborate (lPd1CMeCN}1<PFHTl(+)DIOPJ(BF4}1l 
The preparation of this yellow compound was accomplished using the procedure for 
2.4.9 with 1-phenyl-6,6,6-trifluoro-l ,3,5-hexanetrione, [Pd(CH3CN)4](BF 4)2, triethylamine 
and (+)-DIOP as starting material. The final product was obtained in 76% yield. Melting 
point= 87-89 °C. This compound was characterized by 1H-NMR, 13C-NMR and 31 P-NMR. 
2.4.12. Diacetonitrile-(-)-2,3-0-isopropylidene-2,3-dihydroxy-l,4-bis( diphenylphos-
phino )butane palladium(II) tetrafluoroborate ((Pd(MeCN}!(-)DIOPJ(BF4h} 
This compound was prepared in situ from the reaction of [Pd(CH3CN)4](BF4)2 and 
(-)-DIOP in a I: I mole ratio. 
2.4.13. Diacetonitrile-1-phenyl-l,3,5-hexanetione-µ-(S)-(-)-2,2'-bis( diphenyl-
phosphino )-1,l '-binaphthyl di palladium (II) tetrafluoroborate 
([Pd~(MeCNhCPHT)(S)BINAPJ(BF4}z} 
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To a stirred of 0.910 g (2.05 mmoles) of [Pd(CH3CN)4](BF4)2 in 30 mL of dry 
CH3CN tlllder argon, was added of 0.250 g (1.01 mmoles) of l-phenyl-1,3,5-hexanetrione, 
disodium salt. The reaction mixture was stirred for 24 hours at room temperature. Then 
0.620 g (1.00 mmole) of (S)-(-)-BINAP in 10 mL CH3CN was added to the reaction 
mixture. A dark wine-red color was developed after 30 minutes stirring. The reaction 
mixture was stirred for an additional 12 hours. Solvent was removed by a rotary evaporator 
to give a pasty red residue. The residue was washed with anhydrous Et20 (3x30 mL). The 
dark red solid was dried tlllder vacuum. The yield was 1.20 g (92.8 % ). Melting Point = 
134-136 °C decomposed. Calculated for Pd2C60~s03N2P2B2Fs.2CH3CN.2NaBF4: C, 
48.17; H, 3.42; N, 3.51; P, 3.90. Folllld: C, 48.06; H, 3.54; N, 3.47; P, 4.04. 1H-NMR 
(DMSO): 8 = 1.76 (s), 2.06 (s), 6.53 (s), 6.87 (dd), 7.05 (t), 7.20 (t), 7.52 (m), 7.65 (m), 7.74 
(d.br), 7.80 (t), 7.91 (m.br) ppm (Appendix A.12). 13C-NMR (DMSO): 8 = 1.2, 22.5, 91.9, 
95.7, 117.9, 118.9, 122.7, 123.6, 123.8, 124.6, 125.3, 125.9, 126.0, 126.1, 126.4, 126.5, 
126.7, 127.0, 127.1, 127.2, 127.3, 127.4, 127.6, 127.7, 127.8, 127.8, 128.0, 128.2, 128.3, 
128.4, 128.8, 129.0, 129.1, 130.0, 131.6, 132.2, 132.9, 133.8, 134.1, 135.0, 135.1, 139.0, 
161.8, 162.5, 171.3, 174.7, 175.4 ppm (Appendix A.13). 31 P-NMR (DMSO): 8 = 32.2 (s) 
ppm (Appendix A.14). FT-IR (nujol): 3028 (w), 2971 (vs), 2882 (vs), 2842 (vs), 2328 (m), 
2293 (m), 1658 (m), 1608 (m), 1584 (m), 1554 (m), 1462 (vs), 1377 (vs), 1311 (m), 1161 
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(sh), 1130-995 (vs.hr), 872 (m), 815 (m), 745 (s), 719 (s), 695 (vs), 522 (vs) and 500 (m) 
cm-1 (Appendix A.15). 
2.4.14. Diacetonitrile-2,4,6-heptanetione-µ-(S)-(-)-2,2'-bis( diphenylphosphino )-1,l '-
binaphthyl dipalladium (II) tetrafluoroborate 
([Pdi(MeCNh(HpT)(S)BINAPJ(BF 4h} 
The preparation of this yellow compound was accomplished using the procedure for 
2.4.13 with 2,4,6-heptanetrione disodiwn salt, [Pd(CH3CN)4](BF 4)2, and (S)-(-)-BINAP as 
starting material. The final product was obtained in 87% yield. This compound was 
characterized by 1H-NMR, 13C-NMR and 31 P-NMR. 
2.4.15. Diacetonitrile-(S)-(-)-2,2'-bis( diphenylphosphino )-1,l '-binaphthyl palladium 
(II) tetrafluoroborate ([Pd(MeCNh(S)BINAPJ(BF 4h} 
This compound was prepared in situ from the reaction of [Pd(CH3CN)4)(BF 4)2 and 
(S)-(-)-BINAP in a 1: 1 mole ratio. 
2.4.16. Acetonitrile-2,4-pentanedione-(S)-( + )-neomenthyldiphenylphosphine 
palladiumOI) tetrafluoroborate ([Pd(MeCN)(acac )(S)NMDPPJBF 4} 
To a stirred of 0.444 g (1.00 mmoles) of [Pd(CH3CN)4)(BF4)2 in 30 mL of dry 
CH3CN under argon atmosphere, was added a solid of 1.00 mmoles of 2,4-pentanedione; 
sodiwn salt. The reaction was stirred for 24 hours at room temperature. Then 0.320 g (1.0 
mmoles) of (S)-(+)-neomenthyldiphenyl phosphine {(S)-NMDPP} in 10 mL CH3CN was 
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added to the reaction mixture. The reaction mixture was stirred for another 12 hours, 
gradually developing a brownish-yellow color. After rotary evaporation an oily residue 
obtained. After washing with anhydrous Et20, a brownish-yellow solid was collected. The 
product was dried under vacuum and weighed at 0.550 g (83.3% yield). Melting Point= 
83-85 °C. Calculated for PdC29H3sN02PBF4.0.5CH3CN.NaBF4: C, 41.70; H, 4.72; N, 2.43; 
P, 3.59. Found: C, 41.35, H, 4.68; N, 2.59; P, 3.98. 1H-NMR (DMSO): 8 = 0.72-1.02 (m), 
1.05 (d), 1.10 (d), 1.17, (d), 1.74 (s), 1.85 (m), 2.05 (s), 2.14 (t), 5.74 (s.br), 7.50 (m), and 
7.83 (m) ppm. 13C-NMR (DMSO): 8 = 1.17, 17.67, 21.20, 22.22, 25.55, 26.62, 27.40, 
28.14, 28.60, 30.12, 31.80, 34.06, 45.60, 101.50, 118.0, 125.l, 127.5, 128.4, 129.2, 130.0, 
131.8, 133.1, 133.5, 134.0, 134.6, 135.5, 141.8, 171.3,and 186.6ppm. 31 P-NMR(DMSO): 
8 = 12.9 ppm (Appendix A.16). 
2.4.17. Acetonitrile-2,4-pentanedione-{R)-(+ )-N ,N-dimethyl-1-phenethylamine 
palladiuman tetrafluoroborate ([Pd(MeCN)(acac)(R)DMP AJBF 4} 
To a stirred of 0.930 g (2.10 mmoles) of [Pd(CH3CN)4](Bf4)2 in 30 mL of dry 
CH3CN under argon, was added 2.10 mmoles of 2,4-pentanedione; sodium salt. The 
reaction mixture was stirred for 24 hours at room temperature. Then 0.200 mL (2.00 
mmoles) of (R)-(+)-N,N-dimethyl-1-phenethylamine in 10 mL CH3CN was added to the 
reaction mixture. The reaction mixture was stirred for another 12 hours, gradually 
developing a yellowish-orange color. After rotary evaporation, an oily residue obtained. 
After washing with anhydrous ether, the yellow solid, which was dried under vacuum 
51 
weighed 0.770 g (80.0% yield). Melting Point = 100-102 °C decomposed. 1H-NMR 
(CDCl3): 8 = 1.79 (d, 3H), 2.05 (s, 3H), 2.08 (s, 3H), 2.51 (s, 3H), 2.73 (d, 3H), 2.93 (d, 
3H), 4.38 (m, IH), 5.40 (s, lH), and 7.44 (br.s, 5H) ppm. 13C-NMR (CDCIJ): 8 = 3.6, 18.9, 
24.3, 25.5, 40.9, 42.3, 48.6, 101.6, 125.8, 128.5, 129.6, 130.4, 133.0, 185.9, and 187.0 ppm. 
2.5. Olefin Oxidation 
All of the oxidations were carried out at atmospheric pressure using the gas buret 
technique described in section 2.1.4. 
2.5.1. Oxidation of propylene with lPdi{MeCNb(PFHT)(+lDIOPJ(BF4h 
The following quantities of reagents were used: 
Chiral Catalyst [CuCh] [Li Cl] THF/H20 
0.122 mmoles 4.4 M 0.08M 30mL 
54%THF 
A total of 13.8 mmoles of propylene was reacted. A 2,4-dinitrophenylhydrazine 
solution was added to 2.0 mL of the reaction mixture. A yellow solid was obtained, 
collected by suction filtration, washed with water and dried. The yellow solid was 
identified as 2,4-dinitrophenylhydrazone derivative of acetone by 1H-NMR (5.5% yield). 
The chlorohydrin products were isolated by continuous extraction with EtiO for 3 days. 
The ether was dried over anhydrous MgS04 and then evaporated. FT-IR (neat) for the 
crude product: 3429 (vs.br), 2978 (vs), 2870 (vs), 1714 (s), 1454 (s), 1370 (s), 1259 (vs), 
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1069 (vs.hr), and 910 (vs) cm·1. Two products with similar retention times were detected by 
GC in a 2.8: 1.0 ratio. The first product was collected by preparative GC and identified as 1-
chloro-2-propanol. 1H-NMR (CDCb): 8 = 1.26 (d, 3H), 2.19 (d.br, OH), 3.43 (dd, lH), 
3.57 (dd, lH), and 3.99 (m, IH) ppm (Appendix B.1). 13C-NMR (CDCh) : 8 = 20.24, 
51.61, and 67.66 ppm (Appendix B.2). Integration of CH3- doublets in the 1H-NMR in 
presence of0.2 mole ratio Eu(hfc)3 indicated an ee of 68%. Because of the similar retention 
times it was not possible to obtain the second product pure by GC collection. Collection by 
preparative GC gave a 1: 1 mixture of 1-chloro-2-propanol and the second product. The 
second product was identified as 2-chloro-1-propanol. 1H-NMR (CDCh) for the mixture: 8 
= 1.26 (d, 3H), 1.50 (d, 3H), 2.00 (br, OH), 2.19 (br, OH), 3.43 (dd, lH), 3.57 (dd, lH), 3.65 
(dd, lH), 3.74 (dd,lH), 3.99 (m, lH), and 4.15 (m, lH) ppm (Appendix B.3). 13C-NMR 
(CDCh) for the mixture: 8 = 20.24, 20.30, 51.61, 65.75, 66.78, and 67.66 ppm. 
2.5.2. Oxidation of propylene with [Pd~{MeCN)1(PHT)(-)DACHJ(BF dJ 
The following quantities of reagents were used: 
Chiral Catalyst [CuCh] [Li Cl] THF/H20 
0.19 mmoles 4.12M 0.085 M 50mL 
60%THF 
A total of 11.6 mmoles of propylene was reacted. The work-up was identical to that 
used for reaction 2.5.1. Acetone was isolated as the 2,4-dinitrophenylhydrazone derivative 
in a 6.5% yield. Also, 1-chloro-2-propanol and 2-chloro-l-propanol were isolated by GC in 
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a 2.7:1.0 ratio respectively and characterized by 1H-NMR and 13C-NMR. Using a 0.2 mole 
ratio ofEu(hfc)3, the ee of 1-chloro-2-propanol was found to be 50%. 
2.5.3. Oxidation of propylene with [Pd~(MeCN)~illpT)(S)BINAPJ(BF 4}2 
The following quantities of reagents were used: 
Chiral Catalyst [CuCh] [Li Cl] THF/H20 
0.07 mmoles 2.30M O.IOM 50mL 
45% THF 
A total of 13.7 mmoles of propylene was reacted. The work-up was identical to that 
used for reaction 2.5.1. Acetone was isolated as the 2,4-dinitrophenylhydrazone derivative 
in a 6.0% yield. A mixture of 1-chloro-2-propanol and 2-chloro-1-propanol was isolated by 
preparative GC in a 4.0:1.0 ratio, respectively and characterized by 1H-NMR and 13C-NMR. 
Using a 0.2 mole ratio of Eu(hfc)J, the ee of l-chloro-2-propanol and 2-chloro-l-propanol 
were found to be 94% and 68% (Appendix B.4). The absolute configuration of2-chloro-l-
propanol was found to be (R) by comparison the 1H-NMR spectrum of an authentic sample 
of (S)-( + )- 2-chloro-1-propanol in the presence of Eu(hfc )3 (Appendix B.5). 
2.5.4. Oxidation of propylene with [Pd(MeCN)(acac)(R)DMPAJBF4 
The following quantities of reagents were used: 
Chiral Catalyst [CuCh] [Li Cl] THFIH20 
0.335 mmoles 4.08M 0.16M 35 mL 
60%THF 
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A total of 6.7 mmoles of propylene was reacted. The work-up was identical to that 
used for reaction 2.5. l. Acetone was isolated as 2,4-dinitrophenylhydrazone derivative in a 
8.1 % yield. Also, l-chloro-2-propanol and 2-chloro- l-propanol were isolated by preparative 
GC in a 3.7:1.0 ratio respectively and characterized by 1H-NMR and 13C-NMR. Using 0.2 
mole ratio Eu(hfc)3, the ee of l-chloro-2-propanol was found to be 7%. 
2.5.5. Oxidation of propylene by [Pd(MeCN)(acac)(S)NMDPPJBF4 
The following quantities of regents were used: 
Chiral Catalyst [CuC}i] [Li Cl] THFIH20 
0.228 mmoles 5.05M O.lOM 30mL 
50% THF 
A total of 13.4 mmoles of propylene was reacted. The work-up was identical to that 
used for reaction 2.5.1. Acetone was isolated as 2,4-dinitrophenylhydrazone derivative in a 
7.0% yield. Also, 1-chloro-2-propanol and 2-cWoro-1-propanol, present in a 3.0/l.O ratio, 
were isolated by preparative GC and characterized by 1H-NMR and13C-NMR. Using a 0.2 
mole ratio of Eu(hfc )3, the ee of l-chloro-2-propanol and 2-chloro-1-propanol were found to 
be 17% and 54% respectively. 
2.5.6. Oxidation of propylene with [Pd~{MeCN)~{PFHT)(+)DIOPJCBF4h in 
methanol 
The following quantities of reagents were used: 
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Chiral Catalyst [CuCh] [Li Cl] MeOH 
0.122 mmoles 3.62M 0.10 M 30mL 
A total of 10.3 mmoles of propylene was reacted. The products were isolated by 
continuous extraction with EtiO. The organic layer was dried over anhydrous MgS04 • 
After evaporation, GC analysis indicated two products were formed. The product eluted 
first was in very low yield ( <5%) and not isolated. The second peak, present in 90% yield, 
was isolated by preparative GC and confirmed to be 2-methoxy-1-chloropropane. 1H-NMR 
(CDCh): 8 = 1.24 (d, 3H), 3.38 (s, 3H), 3.50 (dd, 2H), and 3.55 (m,lH) ppm. 13C-NMR 
(CDCh): 8 = 17.42, 47.34, 56.63, and 56.75 ppm. Integration of the CH30- singlets in the 
1H-NMR spectrum in the presence of0.2 mole ratio ofEu(hfc)3 indicated an ee of75%. 
2.5.7. Oxidation of 1-pentene with [Pd~(MeCNh{PFHT)(+)DIOPJ(BF4_h 
The following quantities of the reagents were used: 
Chiral Catalyst [CuCh] [LiCl] THF/H20 1-Pentene 
0.130 mmoles 3.40M 0.08M 50mL 1.2 mL 
30% THF 10.0 mmoles 
A 2,4-dinitrophenylhydrazine solution was added to 5.0 mL of the reaction mixture. 
An orange solid was obtained, collected by suction filtration, washed with water, and dried. 
The solid was confirmed to be 2,4-dinitrophenylhydrazone derivative of2-pentanone by 1H-
NMR ( 6% yield). The chlorohydrins products were isolated by continuous extraction of the 
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reaction mixture with EtiO for three days. The ether layer was dried over anhydrous 
MgS04 and the ether removed by distillation. FT-IR (neat) for crude product: 3320 (vs.hr), 
2962 (vs), 2874 (vs), 1714 (vs), 1463 (vs), 1367 (s), 1261 (vs), 1070 (vs.hr), 904 (s), and 
750 (m) cm·'. Two products of similar retention times were detected by GC in a 3.1:1.0 
ratio. The first product was collected by preparative GC and identified as l-chloro-2-
pentanol. 1H-NMR (CDCh): o = 0.93 (t, 3H), 1.48 (m, 4H), 2.15 (s.br., OH), 3.45 (dd, IH), 
3.60 (dd, lH), and 3.79 (m.br, lH) ppm (Appendix B.10). 13C-NMR (CDCh): o = 13.93, 
18. 76, 36.30, 50.60, and 71.18 ppm (Appendix B.11 ). Integration of the CH-multiplets in 
the 1H-NMR in the presence of 0.3 mole ratio of Eu(hfc)3 indicated an ee of 74% 
(Appendix B.12). Because of the similar retention times it was not possible to obtain a pure 
sample of the second product by GC. Collection by preparative GC gave a I: I mixture of 
l-chloro-2-pentanol and the second product. The second product was identified as 2-
chloro-1-pentanol. 1H-NMR (CDCh) for the mixture: o = 0.93 (t, 6H), 1.48-1.72 (m, 8H), 
2.05 (t.br, OH), 2.14 (d.br, OH), 3.65 (dd, 2H), 3.79 (m.br, lH), and 4.08 (m, lH) ppm. 
13C-NMR (CDCh) for the mixture: o = 13.53, 13.94, 18.76, 19.56, 36.26, 36.31, 50.61, 
66.13, 67.06, and 71.18 ppm. 
2.5.8. Oxidation of 1-pentene with [Pd~(MeCN)~(PHT)(-)DACID{BF4}2 
The following quantities of reagents were used: 
Chiral Catalyst [CuCb] [Li Cl] THF/H20 1-Pentene 
0.19 mmoles 2.90M 0.12M 50mL l.2mL 
34% THF 10.0 mmoles 
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The work-up was identical to that used for reaction 2.5.7. 2-Pentanone was isolated 
as the 2,4-dinitrophenylhydrazone derivative in 6.9% yield. l-Chloro-2-pentanol and 2-
chloro-1-pentanol, were isolated by preparative GC and characterized by 1H-NMR and 13C-
NMR. Their ratio was 2.3: 1.0 respectively. Using a 0.3 mole ratio of Eu(hfc )3, the ee of 1-
chloro-2-pentanol was found to be 54%. 
2.5.9. Oxidation of 1-pentene with [Pd~(MeCNb(PFHT)(-)DIOPJ(BF4}2 
The following quantities of reagents were used: 
Chiral Catalyst [CuCh] THF/H20 1-Pentene 
0.13 mmoles 3.70M 30 rnL 0.8 mL 
50% THF 7 .3 rnrnoles 
The work-up was identical to that used for reaction 2.5.7. GC analysis indicated 
five products were formed. These products, which were present, in a 2.2: 1.1:2.8:1.0: 1.1 
ratio were collected by preparative GC and identified as 2-pentanone, 3-hydroxy-2-
pentanone, l-chloro-2-pentanol, 2-chloro-1-pentanol, and l-hydroxy-2-pentanone 
respectively. 
The first product was 2-pentanone. 1H-NMR(CDCh): B = 0.90 (t, 3H), 1.56 
(m,2H), 2.11 (s, 2H), and 2.38 (t, 2H) ppm. 13C-NMR(CDCh): B = 13.77, 17.38, 29.92, 
45.73, and 209.00 ppm. The second product was 3-hydroxy-2-pentanone. 1H-NMR 
(CDCh): B = 1.02 (t,3H), 1.81-2.03 (m, 2H), 2.29 (br, OH), 2.30 (s, 3H), and 4.11 (dd, 
IH) ppm (Appendix C.l).'3C-NMR (CDC13): S = 10.69, 26.10, 27.33, 66.79, and 183.18 
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ppm (Appendix C.2). The third and fourth product were l-chloro-2-pentanol and 2-
chloro-1-pentanol respectively. They were characterized by 1H- and 13C-NMR. The fifth 
product was l-hydroxy-2-pentanone. 1H-NMR(CDCh): S = 0.93 (t, 3H), 1.63 (m, 2H), 
2.56 (t, 2H), and 4.06 (s, 2H) ppm. 13C-NMR(CDCIJ): S = 13.69, 17.19, 41.62, 67.07, 
and 202.45 ppm. 
Integration ofCH3C(=O)- singlet in the 1H-NMR in the presence of0.3 mole ratio 
Eu(hfc)3 for 3-hydroxy-2-pentanone indicated an ee of 89% (Appendix C.3). Using 0.2 
mole ratio of Eu(hfc)3, the ee's of the l-chloro-2-pentanol and 2-chloro-1-pentanol were 
found to be 15% and 16% respectively. 
2.5.10. Oxidation of 1-pentene with lPd~(MeCNh(PHT)(S)BINAPJ(BF4h 
The following quantities of reagents were used: 
Chiral Catalyst (CuCli] [Li Cl] THFIH20 1-Pentene 
0.075 mmoles 3.00M 0.22M 30mL l.2mL 
50%THF 10.9 mmoles 
The work-up was identical to that used for reaction 2.5.7. GC analysis indicated 
five products were formed. These products, which were present, in a 1.6:1.0:4.0:1.0:1.0 
ratio were collected by preparative GC and identified by 1H and 13C-NMR as 2-
pentanone, 3-hydroxy-2-pentanone, l-chloro-2-pentanol, 2-chloro-1-pentanol and 1-
hydroxy-2-pentanone. Using a 0.3 mole ratio of Eu(hfc)3, the ee's of the 3-hydroxy-2-
pentanone and l-chloro-2-pentanol were found to be 49% and 89% respectively. 
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2.5.11. Oxidation of 1-hexene with lPd~(MeCNh(PFHT)(-lDIOP)(BF4}l 
The following quantities of reagents were used: 
Chiral Catalyst (CuCli] [Li Cl] THF/H20 1-Hexene 
0.103 mmoles 4.90M 0.15 M 30 rnL 2.0 rnL 
50%THF 16.0 rnrnoles 
The work-up was identical to that used for reaction 2.5.7. GC analysis indicated 
four products were formed. These products, which were present, in a 2.5:1.0:2.5:1.2 ratio 
were collected by preparative GC. The first three peaks were identified by 1H and 13C-
NMR as 2-hexaone, 3-hydroxy-2-hexaone, and l-chloro-2-hexanol. The fourth peak was 
a mixture of l-chloro-2-hexanol, 2-chloro-1-hexanol, and l-hydroxy-2-hexanone. 
The first product was identified as 2-hexanone. 1H-NMR (CDCh): 8 = 0.89 (t, 
3H), 1.28 {m, 2H), 1.54 {m, 2H), 2.12 (s, 3H), and 2.40 {t, 2H) ppm. 13C-NMR (CDCh): 
8 = 13.8, 22.3, 25.9, 29.8, 43.5, and 209.0 ppm. 
The second product was identified as 3-hydroxy-2-hexanone. 1H-NMR (CDCh): 
o = 0.94 (t, 3H), 1.53 {m, 2H), 1.85 (m, 2H), 2.29 (s.br., OH), 2.30 (s, 3H), and 4.16 (dd, 
lH) ppm (Appendix C.4). 13C-NMR (CDCh): o = 13.4, 19.3, 25.8, 35.7, 64.0, and 167.6 
ppm (Appendix C.5). Integration of CH3C(=O)- singlet in the 1H-NMR in presence of 0.2 
mole ratio Eu(hfc )3 indicated an ee of 56% (Appendix C.6). 
The third product was identified as l-chloro-2-hexanol. 1H-NMR (CDCh): 8 = 
0.90 (t, 3H), 1.33 (m, 2H), 1.45 (m, 2H), 1.53 (m, 2H), 2.12 (d, OH), 3.46 (dd, IH), 3.61 
(dd, IH), and 3.80 (m, IH) ppm (Appendix B.13). 13C-NMR (CDCh): 8 = 13.9, 22.6, 
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27.6, 33.9, 50.5, and 71.4 ppm (Appendix B.14). Integration of CH- multiplets in the 1H-
NMR in presence of0.4 mole ratio Eu(hfc)J indicated an ee of 87% (Appendix B.15). 
Three products were obtained from the fourth fraction. Because of the similar 
retention times it was not possible to obtain pure products by GC collection. Collection 
by preparative GC gave a 1: 1: 1 mixture of 1-chloro-2-hexanol and two other products. 
The other two products were identified as 2-chloro-1-hexanol and 1-hydroxy-2-hexanone. 
1H-NMR (CDCh) for the mixture: 8 = 0.90 (t), l.32(m), 1.54 (m), 1.75 (m), 1.95 (t.br), 
2.15 (d), 2.57 (t), 3.49 (dd), 3.61 (dd), 3.82 (m), 4.01 (m), and 4.06 (s) ppm. 13C-NMR 
(CDCh) for the mixture: 8 = 13.8, 13.9, 14.0, 22.l, 22.2, 22.6, 25.6, 27.5, 28.4, 33.9, 
34.0, 39.4, 48.1, 50.5, 65.4, 67.0, 71.4, and 167.3 ppm. 
2.5.12. Oxidation of 1-hexene with [Pd~(MeCNhCPHT)(S)BINAP)(BF4,h 
The following quantities of reagents were used: 
Chiral Catalyst [CuCh] [LiCI] THF/H20 1-Hexene 
0.103 mmoles 3.30M 2.20M 30mL 1.2 rnL 
50%THF 9.6 mmoles 
The work-up was identical to that used for reaction 2.5.7. GC analysis indicated 
four products were formed. These products, which were present, in a 6.3:2.7:7.5:1.0 ratio 
were collected by preparative GC. The first three peaks were identified by 1H and 13C-
NMR as 2-hexaone, 3-hydroxy-2-hexaone, l-chloro-2-hexanol. The fourth peak was a 
mixture of 1-chloro-2-hexanol, 2-chloro-1-hexanol, and l-hydroxy-2-hexanone. 
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Using 0.3 mole ratio Eu(hfc)3, the ee of 3-hydroxy-2-hexanone and l-chloro-2-
hexanol were found to be 68% and 87% respectively. 
2.5.13. Oxidation of methyl vinyl ketone with [Pd~{MeCN)~{PFHT)(+)DIOPl{BF4,b 
The following quantities of reagents were used: 
Chiral Catalyst [CuCh] [LiCI] THF/H20 Methyl vinyl 
ketone 
0.114 mmoles 5.50M O.lOM 50mL l.2mL 
20%THF 24 mmoles 
The work-up was identical to that used for reaction 2.5.1. Et20 was distilled off and 
the solution concentrated to 2-3 mL. The solution was charged on silica gel column 
chromatograph. The column was eluted first with petroleum ether/EtiO (90% petroleum 
ether) to afford a yellow band. This band was collected under nitrogen. The solvent was 
removed by rotary evaporation. 1H-NMR of the residue indicated a mixture of starting 
material and a new product in low yield. The column was eluted with 45% EtiO/petroleum 
ether. A wide yellowish-red band was collected under nitrogen. Solvent was removed by 
rotary evaporation. The product was identified as 1-chloro-2-hydroxy-3-butanone. FT-IR 
(neat): 3625-3401 (vs.hr), 2934 (vs), 2874 (s), 1730 (vs), 1360 (vs), 1249 (vs), 1094 (s), and 
1060 (m) cm-1• 1H-NMR (CDCh): o = 2.36 (s, 3H), 2.52(s.br, OH), 3.94 (dd, 2H), and 4.30 
(t, lH) ppm. 13C-NMR (CDCh): o = 25.59, 63.61, 69.05, and 197.00 ppm. Integration of 
CH3-C(=O)- singlets in the 1H-NMR in presence of 0.2 mole ratio ofEu(hfc)3 indicated an 
ee of84%. 
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2.5.14. Oxidation of 2-propen-1-ol with [Pd~(MeCN}~(PFHT)(+)DIOPJ(BF4h 
The following quantities of reagents were used: 
Chiral Catalyst [CuCh] [LiCl] THF/H20 2-Propen-1-ol 
0.105 mmoles 4.35 M O.I5 M 25mL I.3 mL 
20%THF I9 mmoles 
The reaction was fast; 50 mL of 0 2 was taken up in I 5 hours. After continuous 
extraction with Et20 for 7 days, the ether layer was dried over anhydrous MgS04 and 
evaporated. GC analysis indicated that four products were formed in a 1.1:1.0:6.7:1.5 
ratio. The first two products were identified as I-hydroxy acetone and 3-hydroxy 
propanal. 1H-NMR (CDCh) for I-hydroxy acetone: 8 = 2.35 (s, 3H), and 4.07 (s, 2H) 
ppm. 1H-NMR (CDCh) for the 2,4-dinitrophenylhydazone derivative of 3-hydroxy-
propanal: 8 = 2.71 (td, 2H), 3.98 (t, 2H), 7.63 (t, lH), 7.96 (d, lH), 8.30 (dd,lH), 9.11 (d, 
lH), and 11.06 (s.br, IH) ppm. 
The third product was collected by preparative GC and characterized as 3-chloro-
1,2-propanediol. 1H-NMR (CDCb): 8 = 2.35 (s.br, 20H), 3.62 (dd, 2H), 3.71 (dd, 2H), 
and 3.93 (m, lH) ppm. 13C-NMR (CDCb): 8 = 46.2, 63.6, and 71.6 ppm. 
Using 0.3 mole ratio Eu(hfc )3, the ee of 3-chloro-I ,2-propanediol was found to be 
50%. 
The fourth fraction was collected by preparative GC and found to be a mixture of 
3-chloro-1,2-propanediol and a second product. 1H-NMR (CDCb) for the mixture: 8 = 
2.35 (s.br) 3.62 (dd), 3.68 (d), 3.74 (d), 3.92 (m), and 5.16 (m) ppm. 13C-NMR (CDCb) 
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for the mixture: () = 42.4, 46.2, 63.7, 71.6, and 71.7 ppm. The second product was 
identified as 2-chloro-1,3-propanediol. 
2.5.15. Oxidation of ethylene with [Pd~{MeCN}~CDPPT)(DPPE)J(BF4}2 in HOAc 
The following quantities of reagents were used: 
Bimetallic Catalyst [Benzoquinone] Glacial HOAc 
0.133 mmoles 0.25M 30mL 
A total of 6. 7 mmoles of ethylene was reacted. A black precipitate was formed after 
two days. The reaction mixture was diluted with CH2Cli and the acetic acid and inorganic 
salts removed by washing with water. The last traces of acetic acid were removed with 
saturated aqueous NaHC03. The CH2Cli solution was dried over anhydrous MgS04 and 
then removed by distillation. Two products were detected by GC. The first product was 
identified as vinyl acetate (95% yield) by GC retention time. The second product was 
identified as ethylidene diacetate (< 4% yield) by GC retention time. 
2.5.16. Oxidation of propylene with [Pd~(MeCNb(DPPT)(DPPE)](BF4,}J in HOAc 
The following quantities of reagents were used: 
Bimetallic Catalyst [LiOAc] (Benzoquinone] Glacial HOAc 
0.133 mmoles I.OM 0.30M 30mL 
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A total of 8.9 mmoles of propylene was reacted. The work-up was identical to that 
used for reaction 2.5.15. An FT-IR spectrum was taken for the crude product: 3045 (w), 
2965(s), 1735(vs), 1600(s), 1560(s), 1450(s), 1400(s), 1270(vs), 1130-lOOO(vs,br),815 
(vs), and 710 (s) cm·1• GC shows only one major peak. A pure sample was collected by 
preparative GC in a 95% yield and identified as allyl acetate. 1H-NMR (CDCh): 8 = 2.07 
{s, 3H), 4.56 (dd, 2H), 5.27 (dq, 2H), and 5.95 (m, lH) ppm. 13C-NMR (CDCh): 8 = 20.89, 
55.14, 118.20, 132.17, and 170.69 ppm. 
The reaction was repeated under the same conditions except for the following 
change: (a) no Lithium acetate was present. Allyl acetate was the only major product (95% 
yield). 
2.5.17. Oxidation of propylene with [Pd(MeCN)(acac)(R)DMPAJBF4 in HOAc 
The following quantities of reagents were used: 
Catalyst [Benzoquinone] Glacial HOAc 
0.166 mmoles 0.20M 50mL 
A total of 8.9 mmoles of propylene was reacted. A black precipitate was observed 
after 4 days. The work-up was identical to that used for reaction 2.5.15. A pure sample was 
collected by preparative GC and identified as isopropenyl acetate. 1H-NMR (CDCh): 8 = 
l.88 (s, 3H), 2.08 (s, 3H), and 4.66 (d, 2H) ppm. 13C-NMR (CDCh): 8 = 19.52, 21.02, 
102.10, 153.00, and 169.12 ppm. 
2.5.18. Oxidation of trans-2-butene with [Pd~{MeCN)~(PFHT)(+)DIOPJ(BF4)~ in 
HO Ac 
The following quantities of reagents were used: 
Chiral Catalyst [LiOAc] [Benzoquinone] Glacial HOAc 
0.12 mmoles 0.50M 0.85M 30mL 
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A total of 24.6 mmoles of trans-2-butene was reacted. The reaction was fast at the 
beginning. A total of 4.5 mmoles of trans-2-butene was consumed in the first 12 hours. 
The work-up was identical to that used for reaction 2.5.15. Only one major peak was 
observed by GLC analysis. A pure sample was collected by preparative GC and identified 
as 3-buten-2-yl acetate. 1H-NMR (CDCb): 8 = 1.30 (d, 3H), 2.04 (s, 3H), 5.13 (dd, IH), 
5.25 (dd, lH), 5.32 (m, lH), and 5.83 (m, lH) ppm (Appendix D.l). 13C-NMR (CDCb): 8 
= 19.91, 21.32, 70.98, 115.73, 137.69, and 170.16 ppm (Appendix D.2). Integration of the 
CH3C(=O)-O singlets or CH3- doublets in the 1H-NMR in the presence of 0.2 mole ratio of 
Eu(hfc)3 indicated an ee of 84% (Appendix D.3). 
2.5.19. Oxidation oftrans-2-butene with (Pd(MeCN)~(-)DIOPJ(BF4hin HOAc 
The following quantities of reagents were used: 
Chiral Catalyst [Benzoquinone] Glacial HOAc 
0.19 mmoles 0.80M 30mL 
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A total of 11.2 mmoles oftrans-2-butene was reacted. The work-up was identical to 
that used for reaction 2.5.15. GC showed two products formed in a 55% and 40% yield. 
The two products were collected by preparative GC and identified by 1H-NMR as 3-buten-
2-yl acetate and 2-buten-1-yl acetate respectively. 1H-NMR (CDCb) for 2-buten-l-yl 
acetate: o = 1.71(dd,3H), 2.04 (s, 3H), 4.48 (dd, 2H), 5.57 (dq, lH), and 5.81 (dt, lH) ppm. 
Using a 0.3 mole ratio ofEu(hfc)3, the ee of3-buten-2-yl acetate was found to be 63%. 
2.5.20. Oxidation of trans-2-pentene with lPdi{MeCNlifPFHT)(+)DIOPJ(BF4h_in 
HO Ac 
The following quantities of reagents were used: 
Chiral Catalyst [NaOAc] [Benzoquinone] Glacial HOAc Trans-2-
pentene 
0.13 mmoles 0.62M 0.50M 30mL 1.5 mL 
13.8 mmoles 
The work-up was identical to that used for reaction 2.5.15. The organic layer was 
dried over anhydrous MgS04. After evaporation, two peaks were detected by GC in a 
1.0: 1.6 ratio. The first fraction was collected by preparative GC and identified as a mixture 
of 1-penten-3-yl acetate and 3-penten-1-yl acetate in a 2.0:1.0 ratio. 1H-NMR (CDCl3) for 
the first fraction: o = 0.89 (t), 1.25 (dd), 1.62 (m), 2.01 (s), 2.05 (s), 4.86 (m), 5.18 (m), and 
5.85 (m) ppm. The second fraction was collected by preparative GC and identified as 3-
penten-2-yl acetate. 1H-NMR(CDCb) for the second fraction: o = 1.28 (d, 3H), 1.69 (d, 
3H), 2.02 (s, 3H), 5.34 (m, lH), 5.46 (dd, IH), and 5.75 (m, lH) ppm (Appendix D.4). 13C-
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NMR (CDCh): 8 = 17.77, 20.39, 21.53, 71.16, 128.07, 130.66 and 170.24 ppm (Appendix 
D.5). Using a 0.2 mole ratio of Eu(hfc)3, the ee of 3-penten-2-yl acetate and 1-penten-3-yl 
acetate were found to be 77% and 85% respectively. 
2.5.21. Oxidation of cyclohexene with (PdmecN)~{HpT)(-)DIOPJ(BF4}2 in 
HO Ac 
The following quantities of reagents were used: 
Chiral Catalyst [LiOAc] [Benzoquinone] Glacial HOAc Cyclohexene 
0.08 mmoles 0.62M 0.25M 30mL 0.4mL 
3.95 mmoles 
A black precipitate was formed after two days. The work up was identical to that 
used for reaction 2.5.15. The organic layer was dried over anhydrous MgS04. After 
evaporation, only one peak was detected by GC. A pure product was collected by 
preparative GC in a 95% yield and identified as 2-cyclohexen-1-yl acetate. 1 H-NMR 
(CDCh): 8 = 1.55-2.20 (m, 6H), 2.03 (s, 3H), 5.66 (dd, IH), and 5.93 (m, lH) ppm 
(Appendix D.7). 13C-NMR (CDCh): 8 = 19.0, 21.4, 25.0, 28.4, 68.1, 125.7, 132.5, and 
170.5 ppm (Appendix D.8). Using a 0.2 mole ratio ofEu(hfc)3, the ee of2-cyclohexen-l-yl 
acetate was found to be 6%. 
2.6. Ketone Oxidation 
2.6.1. Oxidation of 2-butanone with [Pda(MeCNb(DPPT)(DPPE)J(BF4h 
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The following quantities ofreagents were used: 
Bimetallic Catalyst [CuCh] THFIH20 2-Butanone 
0.10 mmoles 3.4M 30mL 1.4 mL 
33% THF 15.6 mmoles 
The products were isolated by continuous extraction with EtiO. The organic layer 
was dried over anhydrous MgS04. After evaporation, GC analysis, indicated two product 
were formed in a 2.9: 1.0 ratio. The two products present in a 30% conversion relative to 
the starting material were collected by preparative GC. The first product was identified 
as 3-hydroxy-2-butanone. 1H-NMR (CDCh): 8 = l.60(d, 3H), 2.32 (s, 3H), 3.73 (s, OH), 
and 4.30 (q, lH) ppm. 13C-NMR (CDCb): 8 = 20.2, 25.8, 59.1, and 187.8 ppm. 
The second product was identified as l-hydroxy-2-butanone. 1H-NMR (CDCh): 
8 = 1.10 (t, 3H), 2.63 (q, 2H), and 4.07 (s, 2H) ppm. 13C-NMR (CDCb): 8 = 8.4, 32.6, 
61.4, and 195.6 ppm. 
2.6.2. Oxidation of 3-pentanone with (Pd~(MeCNh(HpT)(S)BINAP)(BF4,h 
The following quantities of reagents were used: 
Chiral Catalyst [CuCh] [CH3S03H] THFIH20 3-Pentanone 
0.12 mmoles 0.55M 0.30M 40mL 0.6mL 
50%THF 5.9 mmoles 
The work up was identical to that used for reaction 2.6.1. GC analysis indicated 
one product was formed in a 90% conversion relative to the starting material. A pure 
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sample was isolated by preparative GC and was found to be 2-hydroxy-3-pentanone. 1 H-
NMR (CDCh): o = 1.08 (t, 3H), 1.57 (d, 3H), 2.38 (d, OH), 2.61 (dq, IH), 2.75 (dq,IH), 
and 4.34 (q, IH) ppm (Appendix C.7). 13C-NMR (CDCh): o = 7.95, 20.36, 31.69, 58.37, 
and 206.0 ppm (Appendix C.8). Integration of the CH3- doublet in the 1H-NMR spectrum 
in the presence of 0.2 mole ratio ofEu(hfc)3 indicated an ee of 82% (Appendix C.9). 
2.6.3. Oxidation of 3-pentanone with IPd~{MeCN.b{HpT)(S)BINAP)(BF4,b 
The following quantities of reagents were used: 
Chiral [CuCh] [Li Cl] [CH3S03H] THF/lhO 3-Pentanone 
Catalyst 
0.085 3.0M 1.3 M 0.30M 35 rnL 1.0 rnL 
mrnoles 43%THF 9.8 mrnoles 
The reaction was slow at the beginning. Methanesulfonic acid was added to the 
reaction mixture after a few minutes. The work up was identical to that used for reaction 
2.6. l. GC analysis indicated three products were formed in a 8.0: 1.0: 1.0 ratio. The first 
product was collected by preparative GC and confirmed by 1H and 13C-NMR to be 2-
hydroxy-3-pentanone. Integration of CH3- doublet in the 1H-NMR spectrum in the 
presence of 0.2 mole ratio of Eu(hfc)3 indicated an ee of 74%. The ester of the MTPA 
derivative of 2-hydroxy-3-pentanone was prepared according to the litreture. 101 1H-NMR 
analysis of the MTPA ester product was found to have an (S)- configuration. 
The second product was collected by preparative GC and identified as 2,4-
dichloro-3-pentanone. 1H-NMR (CDCh): o = 1.63 (d, 3H), and 4.88 (q, 2H) ppm. 
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13C-NMR (CDC13): <> = 19.19, 53.79, and 197.50 ppm. 
The third product was collected by preparative GC and identified as 2,4-dihydroxy-
3-pentanone. 1H-NMR (CDCh): () = 1.68 (d, 6H), 2.36 (br, 20H), and 4.77 (q, 2H) ppm. 
13C-NMR (CDCh): () = 21.1, 55.0, and 199.5 ppm. 
2.6.4. Oxidation of cyclopentanone with [Pd!(MeCNhCPHT)(S)BINAP)(BF 4h 
The following quantities of reagents were used: 
Chiral Catalyst [CuCli] THF/H20 Cyclopentanone 
0.085 mmoles 2.3 M 25mL l.OmL 
40%THF 11.3 mmoles 
The work up was identical to that used for reaction 2.6.1. GC analysis indicated 
the presence of starting material and a new product in a 35% conversion. A pure sample 
of the unknown was collected by preparative GC. The product was identified as 2-
hydroxycyclopentanone. 1H-NMR (CDCh): () = 1.65 (br, OH), 1.90-2.47 (m, 6H), and 
4.10 (t, lH) ppm (Appendix C.10). 13C-NMR (CDCh): () = 19.4, 33.5, 35.1, 58.4, and 
210.8 ppm (Appendix C.11). Integration of the CH- triplet in the 1H-NMR in the 
presence of 0.2 mole ratio Eu(hfc)3 indicated an ee = 75% (Appendix C.12). The ester of 
the MTPA derivative of 2-hydroxycyclopentanone was prepared according to the 
litreture. 101 1H-NMR analysis of the MTPA ester product was found to have an (S)-
configuration. 
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2.6.5. Oxidation of cyclohexanone with [Pd~{MeCNh{HpT)(S)BINAPJ {BF 4h 
The following quantities of reagents were used: 
Chiral Catalyst [CuCh] [CH3S03H] MeOH Cyclohexanone 
0.122 mmoles l.2M 0.20M 35 mL 0.5mL 
95%MeOH 4.8 mmoles 
The reaction mixture was diluted with 40 mL distilled water. The product was 
extracted with (3 x 50 mL) CH2Ch. The organic layer was dried over anhydrous MgS04, 
and the CH2Ch evaporated. GC analysis indicated the presence of starting material and a 
new product in a 65 % conversion.. A pure sample of the unknown was collected by 
preparative GC and was identified as 2-hydroxycyclohexanone. 1H-NMR (CDCh): o = 
1.60-2.10 (m, 6H), 2.27-2.40 (m, 2H), 2.72-2.81 (m, OH), 4.34-4.40 (m, IH) ppm 
(Appendix C.13). 13C-NMR (CDCb): o = 22.9, 27.1, 37.4, 39.3, 62.8, and 203.0 ppm 
(Appendix C.14). Integration of CH- multiplets in 1H-NMR in the presence of 0.3 mole 
ratio Eu(hfc )3 indicated an ee of 90% (Appendix C.15). 
2.6.6. Oxidation of cyclohexanone with [Pd~{MeCN}~{HpT){-)DIOPJ{BF4h 
The following quantities of reagents were used; 
Chiral Catalyst [CuCh] [CH3S03H] THFIH20 Cyclohexanone 
0.14 mmoles I.OM 0.30M 25 mL 0.53 mL 
50% THF 5.1 mmoles 
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The work up was identical to that used for reaction 2.6. l. GC analysis indicated 
one product was formed in a 95% conversion relative to starting material. A pure sample 
was collected by preparative GC and identified as 2-hydroxycyclohexanone. Using a 0.3 
mole ratio ofEu(hfc)3, the ee of2-hydroxycyclohexanone was found to be 84%. 
2.6.7. Oxidation of propiophenone by using [Pd(MeCN)~(-)DIOPJ{BF4)J 
The following quantities of reagents were used; 
Chiral Catalyst (CuCh] [CH3S03H] THF/H20 Propiophenone 
0.15 mmoles 2.9M 0.30M 30mL 0.25 mL 
65%THF 2 mmoles 
The work up was identical to that used for reaction 2.6.1. GC analysis indicated 
only one product was formed in a 95% conversion based on starting material. A pure 
sample was collected by preparative GC and identified as 2-hydroxypropiophenone. 1 H-
NMR (CDCh): 8 = 1.74 (d, 3H), 5.25 (q, lH), 7.48 (t, 2H), 7.59 (t, lH), and 8,02 (d, 2H) 
ppm (Appendix C.16). 13C-NMR (CDCh): 8 = 20.07, 52.83, 128.66, 128.89, 133.59, 
134.l l, and 193.42 ppm (Appendix C.17). Using a 0.2 mole ratio ofEu(hfc)J, the ee of2-
hydroxypropiophenone was found to be 20%. 
2.6.8. Oxidation of 4' -chloropropinophenone with 
[Pd~(MeCN)~CPHTlC-lDIOPJ(BF4)J 
The following quantities of reagents were used; 
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Chiral Catalyst [CuCh] [CH3S03H] THF/H20 4'-chloro-
propinophenone 
0.11 mmoles 0.75M 0.30M 30mL 0.29 g 
75% THF 1.7 mmoles 
The work up was identical to that used for reaction 2.6.1. TLC analysis indicated 
only one product was formed and no starting material was left. A 0.30 g sample of the 
crude product was charged on a silica gel column. The column was eluted with 60% 
CH2Ch/petroleum ether to afford colorless liquid. The solvent was removed by rotary 
evaporation. The product was identified as 2-hydroxy-4' -chloropropinophenone. The 
yield was 90%. 1H-NMR (CDCh): 8 = 1.71 (d, 3H), 5.17 (q, IH), 7.46 (d, 2H), 7.96 (d, 
2H) ppm (Appendix C.18). 13C-NMR (CDCh): 8 = 19.88, 52.67, 129.03, 130.35, 132.45, 
140.16 and 192.22 ppm (Appendix C.19). Using a 0.2 mole ratio ofEu(hfc)3, the ee of 2-
hydroxy-4'-chloropropino-phenone was found to be 75% (Appendix C.20). 
2.7. Oxidation of allyl ether 
2.7.1. Oxidation of allyl phenyl ether with [Pd~(MeCN}~{PHT)(-)DACH](BF4}2 
The following quantities of reagents were used: 
Chiral Catalyst [CuCh] [Li Cl] MeOH Allyl phenyl 
ether 
0.15 2.20M 0.30M 25mL 0.50 mL 
mm oles 3.7 mmoles 
Distilled water (50 mL) was added to the reaction mixture. The products were 
extracted with CH2Ch (3x50 mL). The organic layer was dried over anhydrous MgS04 
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and the CH2Ch evaporated. GC analysis indicated two products were formed in a 1.0:1.7 
ratio. The product which eluted first was found to be 1-phenoxyacetone. 1H-NMR 
(CDCIJ): 8 = 2.29 (s, 3H), 4.54 (s, 2H), 6.90 (d, 2H), 7.00 (t, lH), and 7.30 (m, 2H) ppm. 
13C-NMR (CDC13): 8 = 26.66, 73.14, 114.51, 121.70, 129.56, 129.62, and 205.66 ppm. 
The second product was collected by GC and found to be l-chloro-2-methoxypropyl 
phenyl ether. 1H-NMR (CDCh): 8 = 3.54 (s, 3H), 3.78 (m, 3H), 4.12 (d, 2H), 6.94 (dd, 
3H), and 7.29 (dd, 2H) ppm. 13C-NMR (CDCh): 8 = 43.1, 58.2, 66.9, 79.2, 114.6, 121.2, 
129.4, and 158.4 ppm. Integration of CH30- singlet in the 1H-NMR spectrum in the 
presence of 0.2 mole ratio Eu(hfc)3 indicated that ee = 14%. 
2.7.2. Oxidation of allyl phenyl ether with (Pd(MeCN}~(-)DACHJ(BF4)l 
The following quantities of reagents were used: 
Chiral Catalyst [CuCh] [Li Cl] MeOH Allyl phenyl 
ether 
0.20 mmoles 2.5M 0.20M 30mL 0.50 mL 
3.7 mmoles 
The work-up was identical to that used in reaction 2.7.l. GC analysis indicated 
two products were formed in a 1.0: 1. 7 ratio. These products were collected by 
preparative GC and identified by 1H-NMR and 13C-NMR to be 1-phenoxy acetone and 1-
chloro-2-methoxypropyl phenyl ether respectively. The ee of l-chloro-2-methoxy propyl 
phenyl ether was found to be 14%. 
75 
2.7.3. Oxidation of allyl phenyl ether with (Pd~(MeCN)~(PHT)(-)DACHJ(BF4)l 
The following quantities of reagents were used: 
Chiral Catalyst [CuCli] [Li Cl] THFIH20 Ally! phenyl 
ether 
0.14 mmoles l.5M 0.2M 25mL 0.50 mL 
86% THF 3.7 mmoles 
The work-up was identical to that used in reaction 2.7.1. GC analysis indicated 
two products were formed in a 1.0:2.6 ratio. The product eluted first was characterized 
by 1H-NMR and found to be 1-phenoxy acetone. The second product was collected by 
preparative GC and found to be l-phenoxy-3-chloro-2-propanol. 1H-NMR (CDC13): 8 = 
2.54 (d, OH), 3.72-3.76 (dd, lH), 3.77-3.82 (dd, IH), 4.07-4.10 (dd, 2H), 4.23 (m, lH), 
6.91 (d, 2H), 7.00 (t, lH), and 7.30 (m, 2H) ppm (Appendix B.16). 13C-NMR (CDCh): 8 
= 46.03, 68.55, 69.96, 114.58, 121.42, 129.51, and 158.12 ppm (Appendix B.17). 
Integration of CH- multiplet in the 1H-NMR spectrum in the presence of 0.2 mole ratio 
Eu(hfc )J indicated an ee of 60%. 
2.7.4. Oxidation of allyl phenyl ether with (Pd~(MeCN)~{HpT)(-)DIOPJ(BF4)l 
The following quantities of reagents were used: 
Chiral Catalyst [CuCli] [Li Cl] THFIH20 Allyl phenyl 
ether 
0.045 mmoles l.8M 0.2M 30mL 0.50mL 
86%THF 3.7 mmoles 
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The work-up was identical to that used in reaction 2.7.1. GC analysis indicated 
two products were formed in a 1.0:6.1 ratio. The product which eluted first was 
characterized by 1H-NMR and found to be 1-phenoxy acetone. The second product was 
collected by preparative GC and characterized by 1H-NMR and 13C-NMR. It was 
identified as 1-phenoxy-3-chloro-2-propanol. Integration of CH- multiplet in the 1H-
NMR spectrum in presence of 0.3 mole ratio Eu(hfc)J indicated an ee of 85%. The 
product was determined to have an (R)-configuration by analysis of its MTPA ester. 
2.7.5. Oxidation of allyl phenyl ether with JPd~(MeCNhCPHT)(S)BINAP)(BF4_h 
The following quantities of reagents were used: 
Chiral Catalyst [CuCli] [Li Cl] THF/H20 Allyl phenyl 
ether 
0.045 mmoles 1.8 M 0.3M 30mL 0.50 mL 
92%THF 3.7 mmoles 
The work-up was identical to that used in reaction 2.7.1. GC analysis indicated 
that two products were formed in a 1.0: 10.0 ratio. These products were collected by 
preparative GC and identified by 1H-NMR and 13C-NMR as 1-phenoxy acetone and 1-
phenoxy-3-chloro-2-propanol respectively. 
Using a 0.3 mole ratio of Eu(hfc)3, the ee of 1-phenoxy-3-chloro-2-propanol was 
found to be 93% (Appendix B.18). The product was determined to have an (S)-
configuration by analysis of its MTP A ester. 
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2. 7.6. Oxidation of allyl-a.-naphthyl ether with 
[Pd~(MeCN)~(PHT)(-)DIOPJ(BF4h 
The following quantities of reagents were used: 
Chiral Catalyst [CuCh] [Li Cl] THFIH20 Allyl-a.-
naphthyl ether 
0.075 mmoles 3.1 M 0.2M 30mL 0.88 g 
90%THF 4.8 mmoles 
The work-up was identical to that used in reaction 2.7.1. GC analysis indicated 
two products were formed in a 1.0:3.0 ratio (GC conditions: column temperature 175 °C; 
detector 185 °C; injector 190 °C). The product which eluted first was identified as 1-
naphthoxy acetone. 1H-NMR (CDCh): o = 2.29 (s, 3H), 4.65 (s, 2H), 6.75 (d, lH), 7.25-
7.43 (m, 4H), 7.73 (t, lH), and 8.25 (t, lH) ppm. 13C-NMR (CDCh): o = 26.8, 73.l, 
120.5, 121.7, 125.5, 126.6, 127.6, 128.5, 133.8, 137.0, 149.6 and 205.7 ppm. The second 
fraction was collected by preparative GC and found to be a mixture of two compounds. 
1H-NMR for the second fraction showed the presence of chlorohydrin product and 
another dehydration product. The dehydration product was formed because of high 
temperature used. A 0.20 g sample of the crude product was charged on a silica gel 
column. The column was eluted first with 20% CH2Ch/petroleum ether to afford a 
yellowish-brown band. The solvent was removed by rotary evaporation. The product 
was identified as 1-naphthoxy acetone. The yield was 11 % (based on 0.20 g). After that, 
the column was eluted with CH2Ch. A wide light-yellow band was collected. The 
solvent was removed by rotary evaporation. The yield was 85%. The product was 
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identified as 1-naphthoxy-3-chloro-2-propanol. 1H-NMR (CDCh): 8 = 2.08 (d, OH), 
2.87 (dd, lH), 3.24 (dd, lH), 4.26 {d, 2H), 4.35 (m, IH), 7.13 {d, lH), 7.39 (d, lH), 7.44 
(m, 3H), 7.74 (dd, lH), and 8.18 (dd, IH) ppm (Appendix B.20). 13C-NMR (CDCh): 8 = 
33.90, 63.44, 70.02, 112.89, 120.58, 121.43, 125.38, 125.85, 127.34, 127.93, 133.27, and 
148.67 ppm (Appendix B.21). The ee was determined by both 1H- and 13C-NMR. 
Integration of the C 1 singlet in the 13C-NMR spectrum in the presence of 0.2 mole ratio 
ofEu(hfc)3 indicated an ee of 76%. 
2.7.7. Oxidation of allyl-a-naphthyl ether with 
[Pd~(MeCNh(PHT)(S)BINAPJ(BF 4_b 
The following quantities of reagents were used: 
Chiral Catalyst [CuCh] [Li Cl] THF/H20 Allyl-a-
naphthyl ether 
0.10 mmoles 2.9M 0.2M 30mL 1.2 g 
90%THF 6.5 mmoles 
The work-up was identical to that used in reaction 2.7.1. l-Naphthoxy-3-chloro-2-
propanol and 1-naphthoxy acetone were obtained by column chromatography in 88% and 
7% yields respectively. The ee was determined by both 1H- and 13C-NMR. Integration of 
the Cl singlet in the 13C-NMR spectrum in the presence of 0.2 mole ratio of Eu(hfc)3 
indicated an ee of 80% (Appendix B.22). 
2.8. Isomerization of allyl chloride, allyl alcohol and allyl acetate 
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2.8.1. Isomerization and exchange of crotvl chloride with bimetallic catalyst 
The following quantities of reagents were used: 
Bimetallic [LiOAc] [Benzoquinone] Glacial HOAc Crotyl chloride 
Catalyst 95% trans 
0.19 mmoles 0.45 M 0.15M 30mL 1.5 mL 
15.4 mmoles 
All of the above reagents were mixed together and stirred at room temperature for 6 
hours. The products were extracted by CH2Ch (3 x 50 mL), washed with H20 (3 x 50 mL), 
and a saturated NaHC03 solution (3 x 50 mL). The organic layer was dried over anhydrous 
MgS04, and then the CH2Ch was distilled off. In addition to unreacted crotyl chloride, two 
new peaks were detected by GLC analysis. The products were collected by preparative GC 
and identified by 1H-NMR to be 3-buten-2-yl acetate and 2-buten-1-yl acetate in a 1.9: 1.0 
ratio, respectively. This reaction was repeated using sodium acetate (0.66 M) instead of 
lithium acetate. 3-Buten-2-yl acetate and 2-buten-1-yl acetate were again produced in a 
1.9: 1.0 ratio, respectively. 
2.8.2. Isomerization of crotyl chloride with [Pd~(MeCN)~{PFHT)(-lDIOPJ(BF4)l 
The following quantities of reagents were used: 
Chiral Catalyst [NaOAc] [Benzoquinone] Glacial HOAc Crotyl chloride 
95% trans 
0.14 mmoles 0.77M 0.15 M 30mL l.2mL 
12.3 mmoles 
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All of the above reagents were mixed together and stirred at room temperature for 6 
hours. The procedure was identical to that used in reaction 2.8.1. In addition to the 
unreacted crotyl chloride GC analysis indicated two products were formed in a 2.9: 1.0 
ratio. The two products were collected by preparative GC and identified by 1H-NMR to be 
3-buten-2-yl acetate and 2-buten-3-yl acetate, respectively. 
Using a 0.3 mole ratio of Eu(hfc)3, the ee of 3-buten-2-yl acetate was found to be 
62%. 
2.8.3. Isomerization of crotyl alcohol with lPd1(MeCN)1CPHT)(-)DACHJ(BF4h 
The following quantities of reagents were used: 
Chiral [HCl04] [LiCl] [Benzoquinone] [Alcohol] THFIH20 
Catalyst 
0.19 mmoles 0.22M 2.2M 0.08M 0.28M 25 mL 
95% trans 4%THF 
All of the above reagents were mixed together and stirred at room temperature for 6 
hours. The products were extracted with EtiO (3 x 50 mL ). The organic layer was dried 
over anhydrous MgS04, and then EtiO was distilled off. A precipitate was formed when 
2,4-dinitrophenylhydrazine reagent was added. This indicate carbonyl oxidation products. 
These products were not isolated. The isomerized product was collected by preparative GC 
in 20% yield and identified as 3-buten-2-ol. 1H-NMR (CDCb): o = 1.27 (d, 3H), 1.45 (s.br, 
OH), 4.32 (m, lH), 5.06 (dd, lH), 5.23 (dd, lH), and 5.92 (m, lH) ppm (Appendix D.9). 
13C-NMR (CDCb): o = 23.08, 69.10, 113.71, and 142.30 ppm (Appendix D.10). 
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Integration of CH- multiplets or CH3 doublets in the 1H-NMR in presence of 0.2 mole ratio 
of Eu(hfc )3 indicated an ee of 31 %. 
2.8.4. Isomerization of 2-buten-1-yl acetate with 
[Pd~(MeCNl2CPFHT)(-)DIOPJ(BF4}J 
The following reagents were used: 
Chiral Catalyst [Benzoquinone] 2-Buten-1-yl acetate THF 
0.15 mmoles O.IOM 1.07 g 20mL 
9.4 mmoles 
All of the above reagents were mixed together under nitrogen and stirred for 6 hours 
at room temperature. The THF was removed by distillation and the products extracted with 
petroleum ether. After the petroleum ether was evaporated, the product was collected by 
preparative GC in a 16% yield and characterized by 1H-NMR as 3-buten-2-yl acetate. The 
reaction was repeated under the same conditions except using glacial HOAc as solvent. 
After 2 hours stirring at room temperature, The desired product was obtained in a 40% 
yield. Using a 0.3 mole ratio of Eu(hfc)3, the ee of 3-buten-2-yl acetate was determined to 
be 53%. 
2.8.5. Isomerization of2-buten-1-yl acetate with [Pd(MeCNli(S)BINAPJ(BF4)~ 
The following reagents were used: 
Chiral Catalyst 2-Buten-1-yl acetate THF 
0.10 mmoles 0.60 g 30mL 
5.3 mmoles 
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All of the above reagents were mixed under nitrogen and stirred for 4 hours at room 
temperature. The THF was removed by distillation and the products extracted with 
petroleum ether. After the petroleum ether was evaporated the product, which was present 
in 38% yield, was collected by preparative GC and characterized by 1H-NMR and 13C-
NMR as 3-buten-2-yl acetate. Using a 0.3 mole ratio ofEu(hfc)3, the ee of the 3-buten-2-yl 
acetate was determined to be 77%. 
2.8.6. Isomerization of trans-2-hexenyl acetate with 
The following reagents were used: 
Chiral Catalyst [Benzoquinone] Trans-2-hexenyl Glacial HOAc 
acetate 
0.082 mmoles 0.11 M 0.90 g 25mL 
6.3 mmoles 
All of the above reagents were mixed under nitrogen and stirred for 4 hours at room 
temperature. The products were extracted with CH2Ch, washed with H20 and then with 
saturated NaHC03. The organic layer was dried over anhydrous MgS04. The CH2Ch was 
removed by distillation and the products extracted with petroleum ether. After evaporating 
the petroleum ether, the product which was present in a 35% yield, was collected by 
preparative GC and identified as l-hexen-3-yl acetate by 1H-NMR and 13C-NMR. 1H-NMR 
(CDCb): B = 0.90 (t, 3H), 1.25-1.38 (m, 2H), 1.50-1.64 (m, 2H), 2.04 (s, 3H), 5.12 (dd, 
lH), 5.18 (dd, lH), 5.23 (m, lH), and 5.75 (m, lH) ppm (Appendix D.11). 13C-NMR 
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(CDCh): 8 = 13.90, 18.42, 21.30, 36.39, 74.62, 116.35, 136.59, and 170.20 ppm (Appendix 
D.12). Using a 0.3 mole ratio of Eu(hfc)3, the ee of l-hexen-3-yl acetate was found to be 
72% (Appendix D.13). 
CHAPTER3 
RESULTS 
3.1. Synthesis and Characterization of Ligands 
The objective of the synthesis procedures was to produce chiral mono- and di-
palladium(II) catalysts. This was achieved in two steps: (a) the preparation of P-tri-
ketones, and (b) the preparation of the chiral palladium(II) catalysts from P-di- and tri-
ketones. 
Triketones were prepared by a literature procedure which recommended the use of 
sodium hydride as a base.98 An outline of the synthetic pathway is shown in Figure 3.1. 
0 0 0 0 
~ +2NaH 
R CH3 
DME II II 
___ ., R~CH2 + 2H2 
28 
R = CH3, CF3, Ph lPhJLOCH, 
0 0 0 0 0 0 
II II II NaH R~Ph ... ~~-- R~Ph 
29 l H' 
0 0 0 
R~Ph 
Figure 3.1. Reaction Scheme for the Preparation of Triketones 
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The use of three equivalents of base is important since the mono-anion 29, which is 
initially produced, has an acidic proton which is capable of neutralizing the reactive 
position of the dianion of 2,4-dione 28. All of the triketones were prepared by the above 
procedure except for 2,4,6-heptanetrione (HpT). This triketone was prepared by the 
reaction of dehydroacetic acid with concentrated hydrochloric acid (Equation 3.1).99 
Yields were in the range of 50-80%. 
Dehydroacetic acid 
Cone. HCI 
reflux, 6 h 
-----
-ce>i 
1. 10%NaOH 
2. Ba(OH)2 
3. 15%HCI 
0 0 0 
CH3A)UCH3 
(3.1) 
The sodium salts of 2,4-pentanedione (Na[ acac ]), 1-phenyl-1,3,5-hexanetrione 
(Na2[PHT]) and 1-phenyl-6,6,6-trifluoro-l ,3,5-hexanetrione (Na2[PFHT]), were prepared 
by the reaction of the di- or triketone (30 or 31) with sodium metal in THF at room 
temperature (Figure 3.2). 
0 0 
~ + Na 
30 
0 0 0 
R~Ph 
31 
+ 2Na 
,Na 
, ' 0 0 
THF ,. ~+ 
THF 
Figure 3.2. Synthesis of sodium salt of di- and triketones. 
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3.1.1. NMR Characterization of Polyketones 
1H-NMR data for the polyketones are summarized in Table 3.1. 
Table 3. 1. 1H-NMR Chemical Shifts for Polyketones3'b 
Compound -CH3 -CH2- =CH-
[PHT] 2.05, 2.07, 2.33 3.58, 3.99 5.35, 5.85, 6.26 
[DPPT] ---- 4.10, 4.32 6.01, 6.31 
[PFHT] ---- 4.10 6.16 
[HpT] 1.84, 1.94, 2.10, 3.28, 3.58 5.02, 5.45, 5.93 
2.12 
a I b All H-NMR spectra for polyketones were obtamed m CDCh. See hst of Abbreviations page 
xxii. 
The signals arising from the phenyl system in l-phenyl-1,3,5-hexanetrione, 1,5-diphenyl-
1,3,5-pentanetrione, and 1-phenyl-6,6,6-trifluoro- l ,3,5-hexanetrione are omitted from 
Table 3.1. These signals occur between 7.46 and 7.86 ppm in all the of polyketones 
compounds prepared. A prominent feature of Table 3.1 is the deshielding of the methyne 
proton of l ,5-diphenyl-1,3,5-pentanetrione (DPPT), l-phenyl-6,6,6-trifluoro-1,3,5-
hexanetrione (PFHT) and 1-phenyl-1,3,5-hexanetrione (PHT) relative to cases with 
terminal methyl groups. 
There is strong evidence from the 1H-NMR studies of the existence of more than 
one isomeric form for the 13-triketones in chloroform solvent. The possible structures for 
the enol forms of the 13-triketones are shown in Figure 3.3 (next page). 
H 
/ ' 0 O' 0 
Rt~Ri 
32 
H H 
/ ..... / ...... 
0 'O 'O 
R1~R2 
35 
R1 = CH3; Ri = CH3, Ph 
R1 =CF3,Ph; Ri =Ph 
H 
/ ', 
0 0 'O 
R1~R2 
33 
H H 
/ ', / ', 
0 'O 'O 
R1~R2 
36 
Figure 3.3. Some possible enol forms of the P-Triketones. 
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H 
/ ', 
0 0 'O 
R1~R2 
34 
H H 
/ ', / ', 0 'O 'O 
R1~R2 
37 
The precise location of the double bonds between the carbonyl carbons has not been 
determined. However, 1H-NMR signals corresponding to the methylene protons of the 
enol form are present in the region 5.02-6.31 ppm. Resonances corresponding to the keto 
forms are present in the region 3.58-4.32 ppm (-CH2-). 
The 1H-NMR spectrum for l-phenyl-1,3,5-hexanetrione (Figure 3.4, next page) 
shows the existence of several isomeric forms. The signals occurring between 3.58 and 
3.99 ppm are assigned to the methylene protons which arise from the presence of the keto 
form. The signals within the 5.35 to 6.26 ppm are ascribed to enolic protons from various 
enol forms. The terminal methyl protons have signals in the range 2.05 to 2.33 ppm. 
13C-NMR spectra were also acquired for the polyketones. Such data, presented in 
Table 3.2, assist in corroborating the proposed solution structure of the compounds. The 
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13C-NMR signals corresponding to the methyne carbons (CH=) of the enol form are 
visible in the region 79.2-113.3 ppm. Resonances corresponding to the keto forms are 
formed in the region 50.1-66.0 ppm. 
i 
.. 
I 
~ ~ I II 
• 
,; ! I I ! I 
I 
''''''''''''J'''''''''l'''''''''4'''''''''l'''''''''J'''''''''J''''' 
Figure 3.4. 1H-NMR Spectrum for 1-Phenyl-1,3,5-hexanetrione. 
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Table 3. 2. 13C-NMR Chemical Shifts for Polyketonesa,b 
Compound -CH2- -CH3/-CF3 =CH- C=O 
[PHT] 50.1, 55.0 22.l, 30.6 96.0-100.9 174.0-194.0 
[DPPT] 51.5 ---- 96.8 173.7-194.0 
[PFHT] 54.2, 66.0 126.9 96.7 183.3, 193.7 
[HpT] 53.5, 57.4 19.4, 21.5, 30.l 99.4-113.3 165.5-202.0 
a 13 b. .. All C-NMR spectra for tnketones were obtamed m CDCh. See hst of Abbreviation page xxu . 
3.2. Synthesis and Characterization of Palladium(II) Catalysts 
Mono-palladium complexes of 1, 10-phenanthroline and terpyridine were prepared 
by reacting [Pd(CH3CN)4](BF 4)2 with 1, 10-phenanthroline, 1, 10-phenanthroline 
hydrochloride or terpyridine ligands in a 1: 1 ratio. These mono-palladium complexes 
were not used in the present study. However, they may be useful in future work as 
isomerization and exchange catalysts. Two compounds were obtained from the reaction 
of 1,10-phenanthroline with [Pd(CH3CN)4](BF4)2 (Figure 3.5, next page). 
Compound I was identified as bis( 1, 10-phenanthroline )palladium(II) tetrafluoroborate 
{[Pd(Phen)2](BF4)2} by 1H and 13C-NMR (see Tables 3.5 and 3.6). Compound II was 
identified as diacetonitrile-1, 10-phenanthrolinepalladium(II) tetrafluoroborate 
{[Pd(MeCN)2(Phen)](BF4)2}. Both 1H and 13C-NMR spectra shows the characteristic 
signals for the presence ofMeCN (see Tables 3.5 and 3.6). 
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Compound II 
Compound I 
Figure 3.5. Synthesis of two 1, 10-Phenanthroline Palladium(II) Complexes. 
Two other mono-palladium catalysts, acetonitrilechloro-1, 10-phenanthroline-
palladium(II) tetrafluoroborate { [Pd(MeCN)Cl(Phen) ]BF 4} and acetonitrile-2,2' -
terpyridinepalladium(II) tetrafluoroborate {[Pd(MeCN)(TerPy)](BF4)2} were prepared 
according to the reaction sequence shown in Figure 3.6 (next page). 
A mono-palladium(II) complex with the chiral diamine ligand {(1R,2R)-DACH} 
has been prepared from the reaction of (1R,2R)-DACH and [Pd(CH3CN)4](BF4)2 in a 1:1 
ratio (Figure 3. 7, next page). Other chiral mono-palladium(II) catalysts were prepared in 
situ. These catalysts were prepared from the reaction of chiral diphosphine ligands such 
as (-)-DIOP or (S)-BINAP with [Pd(CH3CN)4](BF 4)2 in a 1: 1 ratio. They were used in the 
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oxidation of olefins under Wacker conditions. 
~ 
N 
+ 
·HCI 
(BF4)i 
Figure 3.6. Synthesis of [Pd(MeCN)Cl(Phen)](BF4) and [Pd(MeCN)(TerPy)](Bf4)2. 
Figure 3.7. Synthesis of [Pd(MeCN)2(-)DACH](BF4)i. 
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Catalysts with coordinated pentanedione and chiral phosphine or chiral amine 
were prepared by mixing the sodium salt of pentanedione and [Pd(CH3CN)4](BF4)2 in a 
1: 1 ratio; followed by the addition of a chiral phosphine or amine as shown in Figure 3.8. 
+ ~H(CH3)i 
PhiP,,, Q: ,,,, 
/ CH3 
(S)-NMDPP 
+ 
[Pd(MeCN)(acac XS)NMDPP]BF 4 [Pd(MeCN)( acac )(R)DMPA ]BF 4 
Figure 3.8. Synthesis of [Pd(MeCN)( acac )(S)NMDPP]BF 4 and 
[Pd(MeCN)( acac )(R)DMP A ]BF 4. 
The bimetallic complexes were prepared by mixing [Pd(CH3CN)4](BF4)2 and P-
triketones in a 2: 1 ratio followed by addition of a chiral diamine or diphosphine. The 
ratio of chiral ligand to Pd(II) was 1 :2. Various types of chiral ligands were used in 
preparing these chiral catalysts. These included, (1R,2R)-DACH, (+)or (-)-DIOP and 
(S)-BINAP. An outline of the synthetic pathway is shown in Figure 3.9. 
R1 = CH3; R2 = CH3, Ph 
R1 =CF3, Ph; R2 =Ph 
27 
L*-L* = (IR,2R)-DACH, (+)or (-)-DIOP 
and (S)-BINAP 
Figure 3.9. Synthesis Sequence for Bimetallic Catalysts 27. 
3.2.1. Microanalyses 
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Table 3.3 and Table 3.4 summarizes the results of microanalyses for the newly-
prepared palladium catalysts. The analyses for C, H, N, Cl, and P are within acceptable 
ranges. The elemental analysis for the following catalysts: 
[Pd(MeCN)(acac)(S)NMDPP]Bf4, [Pd2(MeCN)2(PFHT)(-)DIOP](BF 4)2 and 
[Pd2(MeCN)2(PHT)(S)BINAP](BF4)2 were acceptable only when NaBF4 was considered 
as a solvated species. These catalysts were prepared from the corresponding sodium salt 
of the diketone or triketone. The presence of Na+ ion for these catalysts was confirmed 
by atomic absorption spectrophotometry. 
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Table 3.3. Microanalyses for Mono-Palladium Catalysts3 
Compound %H %C %N %Cl or 
%P 
[Pd(MeCN)Cl(Phen) ]BF 4 Cale. 2.46 37.37 9.34 7.88 (Cl) 
Found 2.42 37.63 9.37 8.21 
[Pd(Phen)2](BF 4)2 Cale. 2.52 45.01 8.75 ----
Found 2.61 43.89 9.00 ----
[Pd(MeCN)i(Phen)](BF 4)2 Cale. 2.60 35.44 10.33 ----
Found 2.50 36.37 9.67 ----
[Pd(MeCN)(TerPy)](BF 4)2 Cale. 2.55 36.83 10.11 ----
Found 2.52 37.00 10.07 ----
[Pd(MeCN)2(-)DACH](BF 4)2 Cale. 4.23 25.22 11.76 ----
Found 4.30 25.19 11.44 ----
[Pd(MeCN)(acac)(S)NMDPP]BF4 Cale. 4.72 41.70 2.43 3.59 (P) 
Found4.68 41.35 2.59 3.98 
3See list of Abbreviations, page xxii. 
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Table 3.4. Microanalyses for Di-Palladium Catalysts3 
Compound %H %C %N %P 
[Pd2(MeCN)2(DPPT)(DPPE) ](BF 4)2 Cale. 3.74 49.90 2.48 5.48 
Found 3.62 49.51 2.32 5.63 
[Pd2(MeCN)2(PHT)(-)DACH](BF 4)2 Cale. 4.03 34.90 8.48 ----
Found 4.31 35.30 8.78 ----
[Pd2(MeCN)2(HpT)(-)DACH](BF 4) Cale. 3.90 28.25 7.75 ----
Found 4.14 27.27 8.67 ----
[Pd2(MeCN)2(PFHT)(-)DIOP](BF 4)2 Cale. 3.38 41.19 2.94 4.34 
Found 3.76 40.37 2.91 4.34 
[Pd2(MeCN)2(PHT)(S)BINAP](BF 4)2 Cale. 3.42 48.17 3.51 3.90 
Found 3.54 48.06 3.47 4.04 
8See list of Abbreviations, p xxii. 
3.2.2. NMR Characterization of Palladium Catalysts 
1H and 13C-NMR data for the mono-palladium complexes are summarized in 
Table 3.5 and Table 3.6. Omitted from Table 3.5 and Table 3.6 are signals arising from 
=CH- in the 2,4-pentanedione ligand. These signals occur between 5.40-5.74 ppm in the 
1H-NMR and 101.5 ppm in the 13C-NMR. These signals are strong evidence for 
palladium(II) coordinated 2,4-pentanedione. 
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Table 3.5 1H-NMR Chemical Shifts for Mono-Palladium(Il) Catalystsa,b 
Compound MeCNd Aliphatic protons Aromatic 
protons 
[Pd(MeCN)Cl(Phen) ]BF 4 2.08 ---- 8.lOh, 8.25<1, h f 8.97 '9.27 
[Pd(Phen)i](BF 4)2 ---- ---- 8.26g, 8.47<1, 
9.12g, 9.41 g 
[Pd(MeCN)2(Phen)](BF 4)2 2.06 ---- 8.12g, 8.34d, 
8.69r, 9.0i 
[Pd(MeCN)(TerPy)](BF4)2 2.06 ---- 7.86e, 8.52h, 
8.64h 
[Pd(MeCN)2(-)DACH](BF 4)2 2.05 0.995e, l .22e, ----
l.55r, l.84r, 
2.22e, 2.40e, 
4.45e, 5.1lr, 5.45d 
[Pd(MeCN)( acac )(S)NMDPP]BF 4 2.05 0. 72-1.02\ l.05e, 7.50h, 7.83h 
f f 4d 1.10' 1.17' 1.7 
1.85\ 2.14e 
[Pd(MeCN)( acac )(R)DMP A ]BF 4 c 2.51 1.79\ 2.05d, 7.44h 
d 3f 2.08 '2.7 ' 
f h 2.93 '4.38 
a I b .. cl All H-NMR were obtamed m DMSO. See hst of Abbreviations, page xxn. H-NMR was 
obtained in CDCh. dSinglet. eTriplet. fDoublet. 8Doublet of doublet. hMultiplet. 
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Table 3.6 13C-NMR Chemical Shifts for Mono-Palladium(II) Catalystsa,b 
Compound MeCN Aliphatic Aromatic C=O 
carbons carbons 
[Pd(MeCN)Cl(Phen) ]BF 4 1.16, ---- 125.8, 125.9, ----
117.4 127.2, 127.5, 
130.3, 140.7, 
141.0, 145.8, 
147.9, 148.4 
151.4, 151.1 
[Pd(Phen )2](BF 4 )i ---- ---- 127.2, 128.4, ----
130.9, 141.9, 
146.3, 152.8 
[Pd(MeCN)2(Phen)](BF4)i 1.13, ---- 126.l, 127.8, ----
118.l 130.4, 141.2, 
141.7, 149.7 
[Pd(MeCN)(TerPy)](BF 4)2 1.13, ---- 124.7, 125.5, ----
118.5 128.9, 143.2, 
143.5, 150.5, 
155.2, 157.0 
[Pd(MeCN)2(-)DACH](BF 4)2 1.26, 23.7, 32.5, ---- ----
118.6 59.6 
[Pd(MeCN)( acac )(S)NMDPP]BF 4 1.17, 17.7, 21.2, 125.1, 127.5, 171.3 
118.0 22.2, 25.6, 128.4, 129.2, 186.6 
26.6, 27.4, 130.0, 131.8, 
28.6, 30.l, 133.l, 134.0, 
31.8, 34.l, 134.6, 135.5, 
45.6 141.8 
[Pd(MeCN)( acac )(R)DMP A ]BF 4 c 3.55, 18.9, 24.3, 128.5, 129.6, 185.9 
125.8 25.5, 40.9, 130.4, 133.0 187.0 
42.3, 48.6 
a 13. b .. cl3 All C-NMR were obtamed m DMSO. See hst of Abbrev1attons, page xxn. C-NMR was 
obtained in CDCb. 
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1H and 13C-NMR data for the dipalladium complexes are summarized in Table 3.7 
and Table 3.8. Omitted from Table 3.7 and Table 3.8 are signals arising from the phenyl 
and binaphthyl systems. These signals occur between 6.90-7.95 ppm in the 1H-NMR and 
121.8-157.3 ppm in the 13C-NMR. These signals are strong evidence for the coordination 
of chiral diphosphine with palladium(II). Also, omitted from Table 3.7 and Table 3.8 are 
signals arising from the methylene groups in [Pd2(MeCN)2(PHT)(-)DACH](BF4)2 and 
[Pd2(MeCN)2(HpT){-)DACH](BF4). These signals occur between 1.54-2.35 ppm in the 
1H-NMR and 23.4-32.6 ppm in the 13C-NMR. 
Table 3.7 1H-NMR Chemical Shifts for Di-Palladium(II) Catalysts8 'b 
Compound 0 MeCNc P(CH2)2P/or 
A • • H2NC HC HNH2/or Me • PCH2CH* CH* CH2P 
[Pd2(MeCN)i(DPPT)(DPPE) ](BF 4)2 ---- 2.06 2.96t, 3.09t 
[Pd2(MeCN)i(PHT)(-)DA CH](BF 4)2 l.78c 2.06 3.04e, 4.5i, 
f f 4.90' 5.15 
[Pd2(MeCN)2(HpT)(-)DACH](BF 4) l.75c 2.06 3.09', 4.56d, 5.13t, 
5 .50c, 5 .60c 
[Pd2(MeCN)2(PFHT)(-)DIOP](BF 4)2 ---- 2.05 2.20e, 2.30c, 4. lOg, 
4.37g 
[Pd2(MeCN)i(PFHT)( + )DIOP](BF 4)2 ---- 2.06 2.22e, 2.28\ 
4.15g, 4.36g 
[Pd2(MeCN)i(HpT){-)DIOP](BF4)2 1.75c 2.05 2.92e, 4.14t 
[Pd2(MeCN)i(PHT)(S)BINAP](BF4)2 l.76c 2.06 ----
a 1 b . . .. c • d All H-NMR were obtamed m DMSO. See hst of Abbrev1attons, page xxu. Smglet. Tnplet. 
eDoublet of doublet. rMultiplet. 8Triplet of doublet. 
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Table 3.8 13C-NMR Chemical Shifts for Di-Palladium(Il) Catalysts8 'b 
Compound MeCN P(CH2)2P/or =CH- C=O 
• • H1NC HC HNH2/or 
PCH2CH• CH* CH2P 
[Pd2(MeCN)2(DPPT)(DPPE) ](BF 4)2 1.16 24.9, 32.5 90.8 172.1 
118.8 92.1 175.5 
180.l 
[Pd2(MeCN)2(PHT)(-)DA CH](BF 4)2 1.15 45.7, 46.8 88.7 165.4 
118.9 99.2 174.8 
181.3 
[Pd2(MeCN)2(HpT)(-)DACH](BF4)2 1.20 45.7 85.9 167.8 
119.0 171.2 
183.2 
[Pd2(MeCN)2(PFHT)(-)DIOP](BF 4)2 1.13 26.45, 29.30, 97.8 167.4 
118.9 74.82, 75.94 98.2 177.7 
99.0 188.l 
[Pd2(MeCN)z(PFHT)( + )DIOP](BF 4)2 1.14 26.5, 29.3, 98.1 167.5 
119.0 74.8, 75.8 98.9 178.1 
99.1 188.9 
[Pd2(MeCN)2(HpT)(-)DIOP](BF 4)2 1.14 29.4, 75.7 97.9 172.6 
118.8 99.l 179.4 
189.0 
[Pd2(MeCN)2(PHT)(S)BINAP](BF 4)2 1,18 ---- 91.6 171.3 
117.9 95.7 174.7 
118.9 175.4 
a 1 b, . . .. All H-NMR were obtamed m DMSO. See hst of Abbrev1atlons, page xx11. 
100 
31 P-NMR data for mono and dipalladium(Il) catalysts are summarized in Table 
3.9. These data are strong evidence for the coordinated phosphine with palladium(Il). 
The signals for the ligands alone occurred in the range of -25 to -10 ppm. 
Table 3.9 31 P-NMR Signals for Mono and Di-Palladium Catalystsa,b 
Compound 31 P Signal (ppm)c 
[Pd(DPPE)2](BF 4)2 57.7 (s) 
[Pd2(MeCN)i(DPPT)(DPPE)](BF4)2 71.99 (s) 
[Pd2(MeCN)2(PFHT)(-)DIOP](BF 4)2 22.8 (s), 22.9 (s) 
[Pd2(MeCN)2(PFHT)( + )DIOP](BF 4)2 22.9 (s), 23.1 (s) 
[Pd2(MeCN)i(HpT)(-)DIOP](BF 4)2 28.3 (s, br) 
[Pd2(MeCN)2(PHT)(S)BINAP](BF 4)2 32.2 (s) 
[Pd2(MeCN)2(Hp T)(S)BINAP](BF 4)2 32.3 (s) 
[Pd(MeCN)(acac)(S)NMDPP]Bf4 12.9 (s) 
a 31 b •• c - • All P-NMR were obtamed m DMSO. See hst of Abbrev1atlons, page xxn. s - smglet. 
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3.2.3. Infrared Characterization of Palladium Catalysts 
The infrared absorption bands along with their assignments are listed in Table 
3.10. The characteristic absorption bands of aromatic N-heterocyclic compounds were 
assigned by comparing them with those reported for its complexes. 102 Omitted from 
Table 3.10 are the stretching frequencies arising from the BF4- counter-anion. These 
signals occur between 1200-1000 cm-1• 
Table 3.10. Infrared Spectra of Mono-Palladium(II) and Di-Palladium(II) Catalysts 
Compound 
(F · -l)a reguency m cm . 
[Pd(MeCN)Cl(Phen) ]BF 4 b 
[Pd(Phen)i](BF 4)2 c 
[Pd(MeCN)i(Phen)](BF4)2c 
[Pd(MeCN)(TerPy) ](BF 4)2 b 
[Pd(MeCN)2(-)DACH](BF 4)2 c 
[Pd2(MeCN)2(D PPT)(D PPE) ](BF 4 )i c 
[Pd2(MeCN)i(PHT)(-)DACH](BF 4)2 c 
[Pd2(MeCN)2(HpT)(-)DACH](BF 4)2 c 
[Pd2(MeCN)2(PFHT)(-)DIOP](BF 4)2 b 
[Pd2(MeCN)2(PHT)(S)BINAP](BF 4)2 b 
VN-H 
----
----
----
----
3350-3260 
vs.hr 
----
3355 vs 
3260 s 
3320-3270 vs 
3250 s 
----
----
Vc-H Vc:N 
3090 m, 3063 m, 2337 m 
2954 vs, 2855 vs 2310m 
3070 m, ----
3076 s, 2926 m, 2363m 
2847 sh 
3080m 2345 m 
2315 m 
2980 vs 2337 vs 
3059 s, 2915 m 2342m 
3035 m, 2976 s 2335 vs 
3005 w, 2987 s 2335 vs 
3030 w, 2984 vs 2365 m 
2932 vs, 2890 m 2350m 
3028 w, 2971 vs 2328 m 
2882 vs, 2842 vs 2293 m 
a .. .. b c See hst of Abbreviations, page xx11. IR was obtained in nujol mull. IR was obtained in KBr 
pellet. v = stretching frequency; y = out-of-plane deformation; s = strong; m = medium; w = 
weak; v = very; sh = shoulder; br = broad. 
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Table 3.10. (Continued) 
Compounda V(C=C), V(C=N) Y(C-H) V(C=O) 
[Pd(MeCN)Cl(Phen)]BF 4 b 1603 m,1585 m, 881 vs, 851 s, ----
1518 m,1493 m 784 s, 750 s 
[Pd(Phen)2](BF 4)2 c 1603 m, 1589 s, 839 vs, 733 s, ----
1516 s 710 vs 
[Pd(MeCN)2(Phen)](BF 4)2 c 1587 vs, 1518 s, 848 vs, ----
1476 s 713 vs 
[Pd(MeCN)(TerPy)](Bf4)21> 1600 s, 1570 m, 780 s ----
1555 m 
[Pd(MeCN)2(-)DACH](Bf4)2c 1455 s, 1410 s11 ---- ----
[Pd2(MeCN)i(DPPT)(DPPE) ](BF 4)2 c 1550 s, 1485 vs ---- 1650 vs 
1610 vs 
1589 vs 
[Pd2(MeCN)i(PHT)(-)DACH](BF 4)2 c 1519 s, 1485 s 765 vs 1635 m 
1465 s 1605 s 
1546 vs 
[Pd2(MeCN)2(HpT)(-)DACH](Bf4)2c l 490-l 420s.br 
---- 1650 vs 
1590 s 
1550 s 
[Pd2(MeCN)2(PFHT)(-)DIOP](BF 4)21> 1482 vs, 88ls,818m, 1660 vs 
1438 vs 746 s 1582 VS 
[Pd2(MeCN)i(PHT)(S)BINAP](BF 4)2 b 1554 m 872 m, 815 m 1658 m 
745 s, 719 s 1608 m 
1584 m 
a .. •• 11: c See hst of Abbreviations, page xx11. IR was obtamed m nuJol mull. IR was obtamed m KBr 
pellet. dFrequencies of CH2 scissoring vibration. v = stretching frequency; y = out-of-plane 
deformation; s = strong; m = medium; w = weak; v = very; sh = shoulder; br = broad. 
3.3. Oxidation of Olefins by Palladium(II) Catalysts 
The oxidation of various a.-olefins in the presence of CuCii by catalysts of type 27 
gives mainly chlorohydrins. The product distributions for the oxidation of several olefins 
are listed in Table 3.1 l. 
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Table 3.11. Product Distributions from the Oxidation of Olefins by Catalysts of type 
27 in the presence of CuCh a 
run Chiral ligand [Li Cl] substrate R-C(=O)CH3b RCH(OH)CH2Cl : 
(M) (%yield) RCH(Cl)CH20H 
Ratiog 
1 (S)-BINAP 0.10 propene 5.5 3.5:1.0 
2 (+)-DIOP 0.08 propene 5.5 2.8: 1.0 
3 (-)-DACH 0.085 propene 6.5 2.7:1.0 
4 {+)-DIOP 0.10 propene ---- 90h 
5 (-)-DACH 0.12 1-pentene 6.9 2.3:1.0 
6 (+)-DIOP 0.08 1-pentene 6.0 3.1:1.0 
7 (-)-DIOP 0.00 1-pentene 20.5c 2.8: 1.0 
8 (S)-BINAP 0.22 1-pentene 18.6c 4.0:1.0 
9 (-)-DIOP 0.15 1-hexene 34.7d 6.3:1.0 
IO (S)-BINAP 2.20 1-hexene 32.5d 18.7:1.0 
11 (+)-DIOP 0.15 2-propen-1-ol 10.7e, 9.?1 4.5:1.0 
12 (+)-DIOP 0.10 methyl vinyl ---- >901 
ketone 
13 (-)-DACH 0.20 allyl phenyl 20 >951 
ether 
14 (-)-DACH 0.20 allyl phenyl 20 >95k 
ether 
15 (-)-DIOP 0.20 allyl phenyl 12 >95k 
ether 
16 (S)-BINAP 0.30 allyl phenyl 8.5 >95k 
ether 
17 (-)-DIOP 0.20 ally I-a- 12 >95' 
naphthyl ether 
18 (S)-BINAP 0.20 allyl-a- 11 >95 1 
naphthyl ether 
a All runs contain 0.1-0.3 mmoles of chiral catalyst in 30-50 mL of solvent and are 3-5 M in CuCii. 
Temperature= 25 °C. The solvent was a H20ffHF mixture containing 30-90% THF by volume. bR = 
CH3, C3H7, C4H9, PhOCH2, C10H70CH2• cContains appreciable amounts of 1- and 3-hydroxy-2-
pentanone. dContains appreciable amounts of 1- and 3-hydroxy-2-hexanone. eThe product was 1-
hydroxyacetone. fThe product was 3-hydroxypropanal. 8Determined by GC. "The solvent was 
MeOH. 2-Methoxy-l-chloropropane was the product. iThe product was l-chloro-2-hydroxy-3-
. k butanone. JThe solvent was MeOH. The product was l-phenoxy-2-methoxy-3-chloropropane. The 
product was l-phenoxy-3-chloro-2-propanol. 1The product was l-naphthyloxy-3-chloro-2-propanol. 
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The optical yields of chlorohydrin along with catalyst turnovers are listed in Table 
3.12. 
Table 3.12. Optical Yields of Chlorohydrin and Catalyst Turnovers3 
run L·-L· [LiCl] substrate o/oeeof Catalyst 
(M) ClCH2CH(OH)Rr turnovers 
1 (S)-BINAP 0.10 propene 94 195g 
2 (+)-DIOP 0.08 propene 68 113g 
3 (-)-DACH 0.085 propene 50 61g 
4b (+)-DIOP 0.10 propene 75 86g 
5 (+)-DIOP 0.08 1-pentene 74 103h 
6 (-)-DACH 0.12 1-pentene 54 57" 
7c (-)-DIOP 0.00 1-pentene 15 80h 
8c (S)-BINAP 0.22 1-pentene 89 200h 
9d (-)-DIOP 0.15 1-hexene 87 277h 
lOd (S)-BINAP 2.2 1-hexene 87 155" 
11 (+)-DIOP 0.10 methyl vinyl ketone 84 274h 
12 (+)-DIOP 0.15 2-propen-1-ol 50 308h 
13e (-)-DACH 0.20 allyl phenyl ether 14 50" 
14 (-)-DACH 0.20 allyl phenyl ether 60 40h 
15 (-)-DIOP 0.20 allyl phenyl ether 85 150h 
16 (S)-BINAP 0.30 allyl phenyl ether 93 l 70h 
17 (-)-DIOP 0.16 allyl-a-naphthyl 76 160h 
ether 
18 (S)-BINAP 0.20 allyl-a-naphthyl 80 175h 
ether 
a All runs contain 0.1-0.3 mmoles of chiral catalyst in 30-50 mL of solvent and are 3-5 M in 
CuCii. Temperature = 25 °C. The solvent was a H20/THF mixture containing 30-90% THF by 
volume. '7he solvent was MeOH. The product was 2-methoxy-1-chloropropane. cContains 
appreciable amounts of 2-pentanone and 1- and 3-hydroxy-2-pentanone in addition to 2-chloro-1-
pentanol. See Table 3.13. dContains appreciable amounts of 2-hexanone and 1- and 3-hydroxy-
2-hexanone in addition to 2-chloro-1-hexanol. See Table 3.13. eThe solvent was MeOH. The 
product was l-phenoxy-2-methoxy-3-chloropropane. rR = CH3, C3H7, C4H9, CH3C(=O), HOCH2, 
PhOCH2, C1oH70CH2. 8Measured by propene uptake using gas burets. hDioxygen is oxidant; 
turnovers measured by 0 2 uptake using gas burets. In calculating turnovers dioxygen is assumed 
to be a four electron oxidant. 
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The results for the oxidation of several ketones by chiral bi-metallic catalysts in 
the presence ofCuCii are listed in Table 3.13. 
Table 3.13. Results for the Oxidation of Several Ketones by Catalysts of type 23 in the 
presence of CuCh a 
run L*-L* [Li Cl] Substrate Products (%) %ee1 
(M) 
lb (-)-DIOP 0.00 2-pentanone 3-hydroxy-2-pentanone 89 
(32/ (14/ 
2c (S)-BINAP 0.22 2-pentanone 3-hydroxy-2-pentanone 49 
(21l (13)f 
311 (-)-DIOP 0.15 2-hexanone 3-hydroxy-2-hexanone 56 
(35)f (18/ 
4e (S)-BINAP 2.20 2-hexanone 3-hydroxy-2-hexanone 67 
(38/ (20/ 
5 (S)-BINAP 0.00 3-pentanone 2-hydroxy-3-pentanone 82 
(90)g 
6 (S)-BINAP 1.30 3-pentanone 2-hydroxy-3-pentanone 74 
(85)g,h 
7 (S)-BINAP 0.00 cyclopentanone 2-hydroxycyclopentanone 75 
(35)i 
8 (-)-DIOP 0.00 cyclohexanone 2-hydroxycyclohexanone 84 
(95)gj 
9 (S)-BINAP 0.00 cyclohexanone 2-hydroxycyclohexanone 90 
(65)g,k 
10 (-)-DIOP 0.00 4'-chloro- 2-hydroxy-4'-chloro- 75 
propiophenone propiophenone (80)g 
"All runs contain 0.08-0.2 mmoles of chiral catalyst in 25-40 mL of solvent and are 0.6-4.9 Min 
CuCh. Temperature= 25 °C. The solvent was a H20ffHF mixture containing 30-60% THF by 
volume. bRun 7 in Table 3.12. cRun 8 in Table 3.12. dRun 9 in Table 3.12. eRun 10 in Table 
3.12. rActual yields in original experiment. 8The reaction was 0.2-0.3 M in methanesulfonic 
acid. hAlso formed in ~5% yields were 2,3-dihydroxy-3-pentanone and 2,3-dichloro-3-
pentanone. iThe remaining material was unreacted cyclopentanone. ;The remaining material 
was unreacted cyclohexanone. kThe solvent was 95% MeOH. 1Determined by 1H-NMR. 
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The results for the oxidation of several olefins in glacial HOAc are listed in Table 
3.14. 
Table 3.14. Results for the Oxidation of Several Olefins in Glacial HOAc3 
run Catalyst [MOAc] Substrate Product(s) %ee Catalyst 
(M)e (%yield/ turnovers 
1 di- 0.0 ethene vinyl acetate NCn 52) 
palladium (>95) 
2 di- 1.0 propene allyl acetate NCn 67) 
palladium (>95) 
3 mono- 0.0 propene isopropenyl acetate NCh 54J 
palladium (>90) 
4 di- 0.5 trans-2- 3-buten-2-yl acetate 84' 205) 
palladiumb butene (>90) 
5 mono- 0.0 trans-2- 3-buten-2-yl acetate 63' 5~ 
palladiumc butene (55) 
2-buten-1-yl acetate NCh 
(40) 
6 di- 0.62 trans-2- 1-penten-3-yl acetate 85' 206k 
palladiumb pentene 3-penten-1-yl acetate NCh 
3-penten-2-yl acetate 1i 
(ND)g 
7 di- 0.62 cyclohexene 2-cyclohexen-1-yl 6' 58k 
palladiumd acetate 
(95) 
3All runs contain 0.1-0.2 mmoles of catalyst in 30-50 mL of solvent and are 0.3-0.8 M in 
benzoquinone. Temperature = 25 °C. The solvent was glacial HOAc. 
b[Pd2(MeCNh(PFHT)(+)DIOP](BF4) 2 was used. c[Pd(MeCN)i(-)DIOP](BF4)2 was used. 
d[Pd2(MeCN)2(HpT)(-)DIOP](BF4) 2 was used. 'Either LiOAc or NaOAc was used. rDetermined by 
GC. 8Yield not determined. Their ratio were 2: 1 :3 respectively. "Not a chiral compound. 
;Determined by integration of CH3COO- singlets in 1H-NMR in the presence of chiral Eu(hfc)J. 
jMeasured by olefin uptake using gas burets. kDioxygen is oxidant; turnovers measured by 0 2 uptake 
using gas burets. In calculating turnovers dioxygen is assumed to be a four electron oxidant. 
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3.3. Isomerization of Allylic Systems by Palladium(II) Catalysts 
The results of isomerization of allyl chloride, allyl alcohol, and allyl acetate are 
listed in Table 3.15. 
Table 3.15. Results of Isomerization of Several Allylic Systemsa 
run Chiral substrate [NaOAc] Solvent Product(s) %ee 
Catalyst (M) (% Isomerized)f 
l di- crotyl chloride 0.77 HO Ac 3-buten-2-yl acetate 62h 
palladiumc (50)8 
2 di- crotyl acetate 0.0 HO Ac 3-buten-2-yl acetate 28 
palladiumd (40) 
3 di- crotyl acetate 0.0 THF 3-buten-2-yl acetate 53h 
palladiumc (16) 
4 di- crotyl acetate 0.0 HO Ac 3-buten-2-yl acetate 53h 
palladiumc (40) 
5 mono- crotyl acetate 0.0 THF 3-buten-2-yl acetate 77h 
palladiume (38) 
6 di- trans-2- 0.0 HO Ac l-hexen-3-yl acetate 72h 
palladiumc hexenyl acetate (35) 
7b di- crotyl alcohol 0.0 H20/THF 3-buten-2-ol 31' 
palladiumd (4%THF) (20) 
"All runs contain 0.08-0.20 mmoles of chiral catalyst in 20-30 mL of solvent and in 0.10-0.15 M 
benzoquinone. b[LiCl] = 2.2 Mand [HCI04] = 0.22 M were used. 0[Pd2(MeCN)2(PFHT)(-) DIOP] (BF4) 2 
was used. d[Pd2(MeCN)2(PHT)(-)DACH](BF 4) 2 was used. e[Pd(MeCN)2(S)BINAP] was used. 
roetennined by GC. . 8 Also, 2-buten-1-yl acetate was obtained in a 15% yield. hDetennined by 
integration of CH3COO- singlets in 1H-NMR in the presence of chiral Eu(hfc)3• ;Detennined by integration 
ofCHr doublets in 1H-NMR in the presence of chiral Eu(hfc)3• 
CHAPTER4 
DISCUSSION 
As discussed in the introduction the basic concepts for asymmetric catalysts 
described in this thesis arose from mechanistic studies on the Wacker reaction. At low 
[Cr] the only product from the oxidation of ethene by PdCl/- is acetaldehyde. However 
recent results from studies on the palladium(II) catalyzed oxidation of olefins in aqueous 
solution have indicated that substitution of a neutral pyridine ligand for chloride in the 
coordination sphere of Pd(II) to give [PdCh(PyrJ has a profound effect on reactivity.75 
The rate of oxidation of ethene to acetaldehyde is decreased by a factor of 750 and 
chloroalcohols are produced at chloride concentrations as low as 0.2 M. With [PdCl4 2·1 
the only product which would be obtained at this chloride concentration would be 
acetaldehyde. These results suggest the possibility of new asymmetric catalytic systems. 
Thus catalysts containing chiral amines or phosphines should produce chiral 
chloroalcohols with propene and other a-olefins. 
4.1. Chlorohydrin Formation 
As opposed to the oxygenation discussed in the introduction where the reagent is 
added in one step, the present oxidations involve two steps. The first is addition to a 
Pd(II)-7t-complex and the second is decomposition of the intermediate hydroxypalladation 
adduct. 
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As expected, the reaction does not give only one isomer but, as shown in Scheme 
4.1, the two chlorohydrins resulting from the addition of Pd(II) to the external carbon as 
well as the internal carbon of the double bond. 
Scheme 4.1 
HiO l OH OH H20 bd-CHi-t .. I a 20!02 CICH2-t. \ I \ \ :a b ~···H .. \ I ~"'H b\ I 
• 38' R \ 
'H R ~ . ·' 38 
CII,lc H ip< f~R Cl b HOCt~d- 20!02 HOCH2-t .. .. b l· ~ ''H R 
39' 39 
The ratio of 38/39 was usually about 4. The mode of addition of water determine the 
stereochemistry of 38 while the mode of decomposition of the intermediate hydroxy-
palladation adduct 39' fixes the stereo-chemistry of 38. 
Table 3.11 (Chapter 3, page 103) lists the product distributions for the oxidation 
of various a.-olefins in the CuCh promoted reaction by the bimetallic catalyst 27. There 
are three catalysts, each containing a different chiral L2 *. These are all potential net air 
oxidations since the CuCl formed can be readily oxidized to CuCh by 02! In fact, in runs 
5-18, where liquid olefins were used, oxygen was the actual oxidant. In all runs the 
yields of 38 were much higher than 39. In runs 12-18, only the isomer 38 was observed. 
Table 3.12 (Chapter 3, page 104) lists the optical yields of chlorohydrin and catalyst 
turnovers. In runs 7-10 the yields of 38 was lowered because of formation of Wacker-
110 
type oxidation products. The absolute configuration of 39 was determined for run 1 by 
comparison with 1H-NMR of the authentic sample of (S)-(+)-2-chloro-1-propanol in the 
presence of 0.2 mole ratio of Eu(hfc)3. The configuration was found to be (R)-2-chloro-
1-propanol. 
A mixture of the isomers 38 and 39 for run 1 was reacted with 4% NaOH and then 
the product extracted by CDCh. The 1H and 13C-NMR spectra (Appendix B.6 and B.7) 
indicated the formation of propylene oxide. The % ee of propylene oxide was determined 
by 1H and 13C-NMR and found to be 84% (Appendix B.8). This% ee of propylene oxide 
indicated that the two isomers 38 and 39 should give epoxide with the same absolute 
configuration. The absolute configuration of propylene oxide was determined by 
comparison with 13C-NMR of the authentic sample of (S)-(-)-propylene oxide in the 
presence of 0.1 mole ratio of Eu(hfc)3 (Appendix B.9). The absolute configuration was 
found to be (S)-propylene oxide. For future work this result needs to be confirmed for 
several reaction conditions and for other olefins. 
The formation of the two isomers would not be a serious problem if they reacted 
with base to give the same chiral epoxide. For future work a high priority will be the 
determination of absolute configurations of 38 and 39 for various olefins with different 
L2 • and under different reaction conditions. Interestingly, some of the highest optical 
yields were observed for the case where only the 38 isomer was found. Thus the ee's 
were 80-93% from methyl vinyl ketone (run 11 ), allyl phenyl ether (runs 15-16) and allyl-
a-naphthyl ether (runs 17-18). 
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In terms of practical utility, the formation of epoxides from allyl alcohol (glycidol) 
or allyl alcohol derivatives would be of considerable interest. The oxidation of allyl 
alcohol gave the usual isomer ratio but an ee of only 50% (run 12). Thus there is little 
chance direct allyl alcohol oxidation would compete with the Sharpless epoxidation. 
However oxidation of allyl ethers to give chiral chlorohydrins could be a valuable new 
asymmetric synthesis which would be an alternative to procedures involving the 
Sharpless epoxidation. The chlorohydrins could be converted to glycidol derivatives 
which are more valuable than glycidol itself.95b Thus l-naphthoxy-3-chloro-2-propanol 
would give the epoxide upon treating with sodium hydroxide. After that, the epoxide 
could be reacted with isopropylamine to give (-)-1-(isopropylamino)-3-(l-naphthoxy)-2-
propanol; (-)-proproanolol; the beta-adrenergic blocker. 103 The reaction sequence is 
shown in Scheme 4.2. 
Scheme 4.2 
OH 
.. 
+ 
HiNCH(CflJ)2 
1-(Isopropylamino )-3-( 1-naphthoxy )-2-propanol.(Propranolol) 
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The ether function has practically no directing influence and bulky R groups would favor 
the addition which gives 38 (Scheme 4.1 ). Our results with allyl phenyl ether and allyl-a-
naphthyl ether indicated that only the 38 isomer is formed. The yield was very high 
(>90%) and the ee's in the range of 80-93%. 
The highest optical yields were obtained with DIOP and BINAP as chiral ligands. 
The % ee's were not as high as would be needed for a practical system (>95%). For 
future study, a systematic study of the effect of [Cr], chiral ligand, solvent composition 
and [CuCii] on the optical yields of 38 will be undertaken. Comparing runs 5 and 7 
(Table 3.12), where DIOP is the ligand and 1-pentene is the substrate, the optical 
induction increases with increasing [Cr]. 
The absolute configuration of the 38 isomer was determined for runs 15 and 16 
(Table 3.12) by 1H-NMR analysis of their MTPA ester. The configuration was assigned 
to be (R)-1-phenoxy-3-chloro-2-propanol for run 15 and (S)- for run 16. The absolute 
configuration of 38 isomer for run 17 and 18 has not been determined yet. 
The optical induction for the oxidation of propene by catalyst 25 was low. The % 
ee's of 1-chloro-2-propanol were in the range of 7-17%. The mono-phosphine, (S)-
NMDPP, gave 17% ee and 54% ee of l-chloro-2-propanol and 2-chloro-1-propanol 
respectively. (S)-NMDPP gave higher induction than chiral mono-amine. The low 
induction results are not surprising with only a mono-functional amine or phosphine. 
The monometallic catalyst 26 using (1R,2R)-DACH or(+)- or (-)-DIOP as ligands 
should give higher asymmetric inductions because it has a chiral diamine or diphosphine. 
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The result of the oxidation of allyl phenyl ether using (1R,2R)-DACH as a ligand (see 
2.7.2, page 74) showed a low% ee for the chlorohydrin. 
4.2. Allylic Ester Formation 
Our studies indicate that catalyst 27 (L2 • = (+)-DIOP) in HO Ac gives allylic 
acetates. The reaction with trans-2-butene, using benzoquinone as reoxidant, is shown in 
Scheme 4.3. At [LiOAc] = 0.5 M, the product was almost exclusively 3-butene-2-yl 
acetate with an optical purity of 84% ee. 
~L' 
'\.. L_ \ OAc 
Pd" Pd(. 
/ ' / ' CHJ, H 
R,1v1v1Ri+ J 
"II' HCHJ 
H H 
27 
L•-L• =(+)-DIOP 
OAc 
' CHi=CH-C.. + I 00 'CHJ 
H 
Scheme 4.3 
~ ?HJ 
'\..Pd" 'Pd \ 
/ ' / ' CHJ 
1. AcQ' • H--c~  [ l. L / C-H 
---~ 000 -
..lu..lu..l + oAc 
R1" I I 'Ri 
H H 
The liquid olefin, trans-2-pentene was oxidized in the absence of benzoquinone 
using 0 2 as the only oxidant. Turnovers of greater than 200 were achieved without any 
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loss in activity. The products were l-penten-3-yl acetate (ee = 85%) and 3-penten-2-yl 
acetate (ee = 77%) in a ratio of 2:1 respectively. Thus (R)-3-buten-2-ol can be obtained 
by the hydrolysis of (R)-3-buten-2-yl acetate, which is a useful chiral synthon. 104 
However 2-cyclohexen-1-yl acetate was obtained in a high yield (95%), but the% ee was 
6%. This could be explained by the formation of a Pd(Il)-n-complex with the boat form 
which has a plane of symmetry. Thus AcO- attack on the rt-complex should give a 
racemic mixture (Scheme 4.4). The low induction could be explained by the Acff attack 
on the Pd(Il)-n-complex of the chair form which would not have a plane of symmetry. 
~i; 
" / \ OAc Pd11 Pd(. 
1~1~1 +10 
R(' I I --~ 
H H 
27 
L•-L• =(-)-DIOP 
4.3. a-Hydroxylation of Ketones 
Scheme 4.4 
This is the most novel reaction in this thesis since it, at least in simple terms, does 
not involve an olefin and is almost unprecedented in transition metal catalysis. Its main 
virtue is its simplicity. While the normal synthesis of chiral a-hydroxy ketones involves 
a series of reactions, 105 this synthesis performs the transformation in one step in a 
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catalytic air oxidation. During the oxidation of higher internal olefins under the 
chlorohydrin conditions it was noticed that, in addition to the ketones usually produced to 
a small extent by Wacker chemistry, hydroxyketones were also formed. Surprisingly 
these hydroxyketones (40) had ee's of about 75%! As shown in Scheme 4.5, the reaction 
must proceed via the enol form of the ketone. 
Scheme 4.5 
~L' Olli 
' /.. \ I. 
'Pd 11 Pd 11 
/ ' / ' 0 0 0 
+ Js.J~U~ 
Ph/ I I 'Cf3 
H H 
27 
L•-L•=(-)-DIOP>r 
(S)-BINAP 
+ 
H 
Hq. ~ 
C-C-Rz Rt,......I 
H 
a-Hydroxyketone 
40 
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Table 3.13 (Chapter 3, page 105) lists the results for the oxidation of several 
ketones by the bimetallic catalyst 27 in the presence of CuClz. Two different catalysts 
were used. Runs 1-4 list the results for the ketone products and the 2-hydroxyketones 
formed from the initial ketone products. Conversion to the secondary hydroxyketone 
product was appreciable under the reaction conditions and the optical inductions are very 
significant. Similar results were obtained for the 1-hexene run(# 10) in Table 3.12. Run 
1, which contains no Li Cl, is of interest because the corresponding chlorohydrin had an ee 
of only 15% while the hydroxyketone has an ee of 89%! Runs 5-10 list results with 
ketone starting materials. Cyclopentanone give a 35% conversion in two days with an 
appreciable % ee of 75%. Since the reaction is an enolization, it would be expected to be 
acid catalyzed. Using methanesulfonic acid to accelerate the enolization, 3-pentanone 
and cyclohexanone gave a much faster reaction with almost quantitative yields. The % ee 
of the products were a respectable 74%-90%. In particular, since hydroxyketone 
formation does not require the presence of CuClz, the reaction will be run with catalyst 27 
in chloride-free media. As with allylic ester formation (section 4.2), the reaction will be 
an air oxidation and the result at low [Cr] (run 1) indicate the optical induction may be 
higher under these conditions. 
4.4 Allylic Isomerization 
In these studies various achiral allylic systems were tested under exchange and 
isomerization conditions using chiral dipalladium(II) catalysts (Table 3.15, page 107). 
The substrates are allyl acetates, allyl chloride and allyl alcohol. Solvents are glacial 
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HO Ac or THF and aqueous THF in the case of allyl alcohol. The reaction mechanism of 
the allylic esters rearrangement is shown in Scheme 4.6. The product from crotyl acetate 
was 3-buten-2-yl acetate (41) and has an ee in the range 56-77%. 
Scheme 4.6 
* Pd(II)= chiral bimetallic catalyst 
Crotyl chloride was used as the starting material in an exchange reaction. The 
reaction sequence is shown in Scheme 4.7 (next page). The final step in the mechanism 
is ClPd(II) elimination to produce chiral 3-buten-2-yl acetate (41). This elimination 
would be faster than hydride elimination. 106 The allyl acetate (41) can under go further 
isomerization to give achiral crotyl acetate ( 42). The second isomerization would lower 
the ee of (41). 
CICH2 H 
\ / 
C=C 
/ ' H CH3 
crotyl chloride 
(95% trans-) 
Scheme 4.7 
• 
+ Pd(ll) HOAc ... 
• Pd(II) = chiral bimetallic 
catalyst 
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CICH2 ~ O t-c/ - II 
/ [ , + O-C-CH3 H I• CH3 
Pd(ll) 
1 
OAc 
CICH2-.. f ,.,H 
"C-C' ~ H/I 'CH3 
~ • Pd(II) 
CIPd(ll) 
CHAPTERS 
CONCLUSION 
We are concluding the following: 
l. Several chiral mono- and dipalladium(II) catalysts were prepared and characterized by 
FT-IR, 1H, 13C, and 31 P-NMR and elemental analysis. 
2. Optically active chlorohydrins with excellent ee's were prepared using these catalysts 
under Wacker conditions. 
3. The oxidation of several ketones by the chiral bimetallic catalyst in the presence of 
CuCii gave optically active a-hydroxy ketones with ee of 75-90%. 
4. Chiral allylic acetates were prepared by oxidation of trans-2-butene and trans-2-
pentene with chiral dipalladium(II) catalysts in chloride-free glacial acetic acid with 
an ee's of 77-85%. 
5. Allylic isomerization studies of crotyl alcohol gave chiral 3-buten-2-ol while 
isomerization of crotyl acetate, crotyl chloride and trans-2-hexenyl acetate gave chiral 
allylic acetates. The products were obtained in a modest yields (20-40%). The ee's of 
the chiral allylic compounds were in the range of 32-77%. 
APPENDIX A 
1H-, 13C-, 31P-NMR Spectroscopy 
and FT-IR for Palladium(II) Catalysts 
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A.to. FT-IR of[Pd2(MeCNh(PFllT)(-}DIOPJ(BF1)2. The spectrum shows the region 
2500-500 cm·'. 
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A.15. fT-IR of[Pd2(MeCN)i(PllT)(S)131NJ\P](BF1)2. The spectrum shows the region 
2500-500 cm·'. 
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A.18. 13C-NMR of [Pd{DPPE)l](BF.4)2. 
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APPENDIXB 
1H- and 13C-NMR Spectroscopy of 
Chiral Chlorohydrins and Epoxide 
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D.J. 11-1-NMR of 1-chloro-2-propanol. 
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D.2. 13C-NMR of 1-chloro-2-propanol. 
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D.3. 1H-NMR of a mixture of l-chloro-2-propanol and 2-chloro-1-propanol. 
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B.4. Illustrative part of the 111-NMR spectrum of a mixtme of I -chloro-2-propanol and 
2-chloro-1-propanol in the presence of 0.2 mole ratio of Eu(hfc)3. TI1e spectrum 
shows the resolved CH3 doublets for both isomers. 
! E 
.. 
I I ,--1-1-T r·r-·1-1 I I I ·r·.-1··r-i-i-.--.-r,-,.,. I I I 
l . b!i I . 110 I .'!i I . /0 I . Im I . ~o 
I , I I ,. I 
41 4 0 .• 
r---r-T I I 
1.tis '"''4 
134 
B.5. Illustrative part of the 1I1-NMR spectrum of (S)-2-chloro- l-propanol in the 
presence of 0.2 mole ratio of Eu(hfc)J. The spectrum shows the resolved CH3 
doublets. 
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B.6. 1H-NMR of propylene oxide. 
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D.7. 13C-NMR of propylene oxide. 
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8.8. Illustrative part of the 13C-NMR spectrum of propylene oxide in the presence 
of 0.1 mole ratio of Eu(hfc)3• 111e spectrum shows the resolved C1 and C2. 
-------------·----------------
! 
ii 
1 
B 
' I 
136 
\_ __ 
8.9. Illustrative part of the 13C-NMR spectrum of (S)-propylene oxide in the presence 
ofO.I mole ratio ofEu(hfc)J. The spectrum shows the resolved C, and C2. 
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8.10. 1 H-NMR of l-chloro-2-pentanol. 
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B.11. 13C-NMR of l-chloro-2-pentanol. 
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B.12. Illustrative part of the 111-NMR spectrum of 1-chloro-2-pentanol in the presence 
of 0.3 mole ratio of Eu(hfc )J. 111e spectrum shows the resolved CH- multiplets 
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8.13. 1H-NMR of l-chloro-2-hexanol. 
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8.14. 13C-NMR of l-chloro-2-hexanol. 
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0.15. Illustrative part of the 111-NMR spectrum of l-chloro-2-hexanol in the presence of 
0.3 mole ratio of Eu(hfc)3. The spectrum shows the resolved CH- multiplets. 
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8.16. 1H-NMR of l-phenoxy-3-chloro-2-propanol. 
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D.17. 13C-NMR of l-phenoxy-3-chloro-2-propanol. 
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D.18. Illustrative part of the 13C-NMR spectrum of l-phenoxy-3-chloro-2-propanol in 
the presence of0.3 mole ratio ofEu(hfc)J. The spectrum shows the resolved C-1. 
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B.21. 13C-NMR of l-naphthoxy-3-chloro-2-propanol. 
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B.22. Illustrative part of the Dc-NMR spectrum of l-1rnphlhoxy-3-chloro-2-propanol.in 
the presence of0.3 mole ratio ofEu(hfc)J. The spectrum shows the resolved C-1. 
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C. I. 1H-NMR of 3-hydroxy-2-pentanone. 
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C.2. 13C-NMR of 3-hydroxy-2-pentanone. 
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C.3. Illustrative part of the 1H-NMR spectrum of 3-hydroxy-2-pentanone in the 
presence of 0.2 mole ratio of Eu(hfc)3. The spectrum shows the resolved 
Cl 13C(=O)- singlets. 
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C.4. 1H-NMR of 3-hydroxy-2-hexanone. 
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C.5. Dc-NMR of 3-hydroxy-2-hexanone. 
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C.6. Illustrative part of the 111-NMR spectrum of 3-hydroxy-2-hexanone in the 
presence of 0.2 mole ratio of Eu(hfc)J. The spectrum shows the resolved 
CH3C(=O)- singlets. 
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C.7. 1H-NMR of2-hydroxy-3-pentanone. 
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C.8. 13C-NMR of 2-hydroxy-3-pentanone. 
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C.9. Illustrative part of the 1H-NMR spectrum of 2-hydroxy-3-pentanone in the 
presence of 0.3 mole ratio of Eu(hfc)J. The spectrum shows the resolved CH3-
doublets. 
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C. I 0. 1 H-NMR of 2-hydroxycyclopentanone. 
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1' C.11. · C-NMR of 2-hydroxycyclopentanone. 
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C.12. Illustrative part of the 1 H-NMR spectrum of 2-hydroxycyclopentanone in the 
presence of0.3 mole ratio of Eu(hfch TI1e spectrum shows the CH- triplets. 
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C.13. 1 H-NMR of 2-hydroxycyclohexanone. 
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C.14. 13C-NMR of 2-hydroxycyclohexanone. 
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C.15. Illustrative part of the 111-NMR spectrum of 2-hycf roxycyclohexanone in the 
presence of 0.3 mole ratio of Eu(hfc)3. The spectrum shows the resolved CH-
multiplets. 
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C.16. 1 H-NMR of 2-hydroxypropinophenone. 
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C.17. 13C-NMR of 2-hydroxypropinophenone. 
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C.18. 1 H-NMR of 2-hydroxy-4' -chloropropinophenone. 
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C.19. 13C-NMR of2-hydroxy-4'-chloropropinophenone. 
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C.20. Illustrative part of the 1I1-NMR spectrum of 2-hydroxy-4' -chloropropinophenone 
in the presence of 0.2 mole ratio of Eu(hfch The spectrum shows the Clh-
doublets. 
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D. I. 1H-NMR of 3-buten-2-yl acetate. 
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D.2. 13C-NMR of 3-buten-2-yl acetate. 
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D.3. Illustrative part of the 1H-NMR spectrum of 3-buten-2-yl acetate in the presence 
of 0.2 mole ratio of Eu(hfc)3. TI1e spectrum shows the resolved CII3(=0)-0-
singlets. 
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D.4. 1H-NMR of 3-penten-2-yl acetate. 
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0.6. Illustrative part of the 11-l-NMR spectrum of 3-penten-2-yl acetate in the presence 
of 0.2 mole ratio of Eu(hfc)3. l11e spectrum shows the resolved CH3C(=O)-O-
singlets. 
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D.7. 11-1-NMR of2-cyclohexen-1-yl acetate. 
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D.8. 13C-NMR of 2-cyclohexen-1-yl acetate. 
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D.9. 1H-NMR of 3-buten-2-ol. 
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D.10. 13C-NMR of 3-buten-2-ol. 
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D.11. 'H-NMR of l-hexen-3-yl acetate. 
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D.12. 13C-NMR of l-hexen-3-yl acetate. 
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D.13. Illustrative part of the 1 H-NMR spectrum of 1-hexen-3-yl acetate in the presence 
of 0.2 mole ratio ofEu(hfc)3. The spectrum shows the resolved CH3C(=O)-O-
singlets. 
REFERENCES 
1. Wollaston, W. H. Phil. Trans. Roy. Soc. 1805, 95, 316. 
2. Barnard, C. F. J; Russell, M. J. H., "Comprehensive Coordination Chemistry" Vol. 
5, chapter 51, Pregamon press, Oxford, 1987. 
3. Cotton, F. A; Wilkinson, G., "Advanced Inorganic Chemistry", A Wiley-
Interscinces, 5th Ed., New York, 1988, page 57-67. 
4. (a) Chatt, J.; Duncanson, L.A. J. Chem. Soc., 1953, 2939. (b) Dewar, M. J. S. Bull. 
Soc. Chim. Fr., 1951, 18, C79. 
5. (a) Kruck, T.; Baur, K. Z. Anorg. Alig. Chem. 1969, 364, 192. (b) Chatt, J.; Hart, F. 
A.; Watson, H. R. J. Chem. Soc. 1962, 2537. (c) Kruck, T.; Baur, K. Angew. Chem. 
Int. Ed. Engl. 1965, 4, 521. (d) Malatesta, L.; Angoletta, M. J. Chem. Soc. 1957, 
1186. (e) Malatesta, L. J. Chem. Soc. 1958, 2323. 
6. Kashiwagi, T.; Yasuoka, N.; Ueki, T.; Kasai, N.; Kakudo, M.; Takahashi, S.; 
Hagihara, N. Bull. Chem. Soc. Jpn. 1968, 41, 296. 
7. Kuran, W.; Musco, A. J. Organomet. Chem. 1972, 40, C47. 
8. Malatesta, L.; Angoletta, M. J. Chem. Soc. 1957, 1186. 
9. Srnunty, E.; Chung, H.; Dewhurst, K. C.; Keirn, W.; Shryne, T. M.; Thyret, H. E. 
Prepr., Div. Pet. Chem., Am. Chem. Soc. 1969, 14, BlOO, Bl 12. 
10. Otsuka, S.; Yoshida, T.; Matsumoto, M.; Nakatsu, K. J. Am. Chem. Soc. 1976, 98, 
5850. 
11. Gel'rnan, A.; Meilakh, E. Doklady Akad. Nauk SSSR. 1942, 36, 171. 
12. Hartley, F. R., "The chemistry of platinum and palladium", John Wiley & Sons, 
New York, 1973. 
13. Henry, P. M., "Palladium catalyzed oxidation of hydrocarbons", D. Reidel, 
Dordrecht, Holland, 1980. 
163 
14. Portnoy, M.; Milstein, D. Organometallics, 1994, 13, 600. 
15. (a) Tanase, T.; Fukushima, T.; Nomura, T.; Yamamoto, Y.; Kobayashi, K. 1norg. 
Chem., 1994, 33, 32. (b) Tanase, T.; Nomura, T.; Fukushima, T.; Yamamoto, Y.; 
Kobayashi, K. lnorg. Chem., 1993, 32, 4578. (c) Tanase, T.; Kawahara, K.; Ukaji, 
H.; Kobayashi, K.; Yamazaki, H.; Yamamoto, Y. Inorg. Chem., 1993, 32, 3682. 
16. Lin, W.; Wilson, S. R.; Girolami, G. S. Inorg. Chem., 1994, 33, 2265. 
17. Leoni, P.; Pasquali, M.; Sommovigo, M.; Abinati, A.; Lianza, F.; Pregosin, P. S.; 
Ruegger, H. Organometallics, 1993, 12, 4503. 
18. Budzelaar, P. H. M.; van Leeuwen, P. W. N. M.; Roobeek, C. F.; Opren, A. G. 
Organometallics, 1992, 11, 23. 
19. Leoni, P.; Sommovigo, M.; Pasquali, M.; Sabatino, P.; Braga, D. J. Organomet. 
Chem., 1992, 423, 263. 
20. Perreault, D.; Drouin, M.; Michel, A.; Harvey, P. D. Inorg. Chem., 1992, 31, 2740. 
21. Pearson, R. G. J. Am. Chem. Soc. 1963, 85, 3533. 
22. Kharasch, M. S.; Seyler, R. C.; Mayo, R. R. J. Am. Chem. Soc. 1938, 60, 882. 
23. Roffia, P.; Conti, F.; Gregorio, G. Chim. Ind. (Milan). 1972, 54, 317. 
24. Clements, F. S.; Nutt, E. V.(INCO (Mond) Ltd.): Brit. Pat. 879,074 (1961), C. A. 
56,8298c ( 1962). 
25. Lodewijk, E.; Wright, D. J. Chem. Soc. (A). 1968, 119. 
26. Puche, F. Ann. Chim. (Paris). 1938, 9, 233. 
27. Marris, C. M.; Livingstone, S. E.; Reece, I. H.J. Chem. Soc. 1959, 1505. 
28. Livingstone, S. E. Synthesis in Inorganic and Metal-organic Chemistry. 1971, 1, I. 
29. Pandey, R. N.; Henry, P. M. Can. J. Chem., 1974, 52, 1241. 
30. Maitlis, P. M., "The Organic Chemistry of Palladium". Vol. I, Metal Complexes, 
Academic Press, New York, 1971. 
31. (a) Calvin, G.; Coates, G. J Chem. Soc. 1960, 2008. (b) Bruce, M. I.; Harboume, 
D. A.; Waugh, F.; Stone, F. G. A. J Chem. Soc. (A). 1968, 356. (c) Calvin, G.; 
Coates, G. E. Chem. Ind (London), 1958, 160. 
32. Rest, A. J.; Rosevear, D. T.; Stone, F. G. A. J Chem. Soc. (A). 1967, 66. 
33. Hopton, F. J.; Rest, A. J.; Rosevear, D. T.; Stone, F. G. A. J Chem. Soc. (A). 
1966, 1326. 
34. (a) Fitton, P.; Johnson, M. P.; McKeon, J.E. J Chem. Soc. Chem. Commun. 
1968, 6. (b) Fitton, P.; McKeon, J.E. J Chem. Soc. Chem. Commun. 1968, 4. (c) 
Powell, J.; Shaw, B. L. J Chem. Soc. (A). 1968, 774. 
35. (a) vanHelden, R.; Verberg, G. Rec. Trav. Chim. Pays-Bas, 1965, 84, 1263. (b) 
Davidson, J.M.; Triggs, C. Chem. Ind (London), 1966, 457. (c) Fugiwara, Y.; 
Moritani, I.; lkegami, K.; Tanaka, R.; Teranishi, S. Bull. Chem. Soc. Jpn. 1970, 
43, 863. (d) Unger, M. O.; Fouty, R. A. J Org. Chem. 1969, 34, 18. 
36. Fugiwara, Y.; Moritani, I.; Matsuda, M.; Teranishi, S. Tetrahedron Lett. 1968, 
633. 
164 
37. Heck, R. F., "Palladium Reagents in Organic Synthesis", Academic Press, London; 
Orlando, 1985. 
38. Hegedus, L. S. in "Organometallics in Synthesis", Schlosser, M. (Ed.), John Wiley 
& Sons Ltd, England, 1994, Chapter 5. 
39. Heumann, A.; Jens, K-J.; Reglier, M. in "Progress in Inorganic Chemistry", Vol. 
42, Karlin, K. D. (Ed.), John Wiley & Sons, Inc., New York, 1994, pages 483 to 
576. 
40. Brooks, E. H.; Glocking, J. J Chem. Soc. (A). 1966, 1241.; 1967, 1030. 
41. (a) Kudo, K.; Hidai, T.; Murayama, T.; Uchida, Y. J Chem. Soc. Chem. 
Commun. 1970, 1701. (b) Van der Linde, R.; De Jongh, R. 0. J Chem. Soc. Chem. 
Commun. 1971, 563. 
42. Green, M. L. H.; Munakata, H.; Saito, T. J Chem. Soc. (A). 1971, 469. 
43. Kudo, K.; Hidai, M.; Uchida, Y. J Organomet. Chem. 1973, 56, 413. 
44. Vaska, L. Accounts Chem. Res. 1968, 1, 335.; Trans. N Y. Acad Sci. 1971, 33, 
70. 
45. Halpern, J. Accounts Chem. Res. 1970, 3, 386. 
46. Collman, J.P. Accounts Chem. Res. 1968, 1, 136. 
47. Collman, J.P.; Roper, W.R. Adv. Organomet. Chem. 1968, 7, 54. 
48. Carro, S.; Ugo, R. Inorg. Chim. Acta Rev. 1967, 1, 49. 
49. Reference 3, pages ll86 to 1223. 
50. Reference 13, pages 30 to 36. 
51. Tsiji, J.; Takahashi, H. J Am. Chem. Soc. 1965, 87, 3275. 
52. Takahashi, H.; Tsuji, J. J Am. Chem. Soc. 1968, 90, 2387. 
53. Stille, J. K.; Fox, D. B. /norg, Nuc/. Chem. Lett. 1969, 5, 157. 
54. Johnson, B. F. G.; Lewis, J.; Subramanian, M. S. J Chem. Soc. (A). 1968, 1993. 
55. Heck, R. F. J Am. Chem. Soc. 1968, 90, 5518 - 5548. 
56. Segntiz, A.; Bailey, P. M.; Maitlis, P. M. J Chem. Soc. Chem. Commun. 1973, 
698. 
165 
57. For general references see: (a) Noyori, R., "Asymmetric Catalysis in Organic 
Synthesis", Wiley, New York, 1994. (b) Ojima, I, (Ed.), "Catalytic Asymmetric 
Synthesis", VCH, New York, 1993. (c) Noyori, R. Chem. Soc. Rev. 1989, 18, 187. 
(d) Brunner, H. Pure Appl. Chem. 1990, 62, 589. (e) Noyori, R. Science. 1990, 248, 
1194. (f) Brunner, H. Synthesis. 1988, 645. (g) Evans, D. A. Science. 1988, 240, 
420. (h) Brown, J.M.; Davies, S. G. Nature (London). 1989, 342, 631. (i) Ojima, I.; 
Clos, N.; Bastos, C. Tetrahedron 1989, 45, 6901. 
58. Morrison, J. D.; Mosher, H. S., "Asymmetric Organic Reactions", Prentice Hall, 
Englewood Cliffs, 1972; paperback reprint, American Chemical Society, 
Washington, 1976. 
59. Reference 57a, Chapter I. 
166 
60. Blackbum, D. W, Ed, "Catalysis of Organic Reactions", Marcel Dekker, Inc., New 
York, 1990. 
61. For general discussion and references see: reference 57a and 57b, Chapter 1. 
62. For recent reviews see: Koenig, K. E. in "Asymmetric Synthesis", Vol. 5, 
Morrison, J. D. (Ed.), Academic Press, New York, 1985, page 71. 
63. Katsuki, T.; Sharpless, K. B. J. Am. Chem. Soc. 1980, 102, 5974. 
64. Reference 57b, Chapter 4.2. 
65. Reference 57b, Chapter 4.4. 
66. For general discussion and references see: Reference 13. (a) Water, pp. 41-84; (b) 
Methanol, pp. 133-147. 
67. Herny, P.M. J. Am. Chem. Soc. 1964, 6, 3246. 
68. Stangl, H.; Jira, R. Tetrahedron Lett. 1970, 3589. 
69. Backvall, J.E.; Akermark, B.; Ljunggren, S.D. J. Am. Chem. Soc. 1979, 101, 2411. 
70. (a) Zaw, K.; Lautens, M.; Herny, P. M. Organometallics 1985, 4, 1286. (b) Wan, W. 
K.; Zaw, K.; Herny, P.M. Organometallics, 1988, 7, 1677. 
71. Gregor, N.; Zaw, K.; Henry, P.M. Organometallics 1984, 3, 1251. 
72. Francis, J.W.; Herny, P.M. Organometallics 1991, 10, 3498. 
73. Francis, J.W.; Herny, P.M. Organometallics 1992, 11, 2832. 
74. Hamed, O.; Thompson, C.; Herny, P. M. submitted for publication. 
75. Francis, J. W.; Herny, P. M. J. Mal. Cata!., 1995, 99, 77. 
76. For some recent examples see: (a) Vedejs, E.; Telschow, J.E. J. Org. Chem. 1978, 
43, 188.; Vedejs, E.; Larsen, S. Org. Synth. 1985, 64, 127. (b) Cuvigny, T.; Valette. 
G.; Larcheveque, M.; Normant, H.J. Organomet. Chem. 1978, 155, 147. (c) Davis, 
F. A.; Vishwakarma, L. C.; Billmers, J. M.; Finn, J. J. Org. Chem. 1984, 49, 3241. 
(d) Moriarty, R. M.; Hou, K. C. Tetrahedron Lett. 1984, 25, 691. (e) Dunlap, N. K.; 
Sabol, M. R.; Watt, D. S. Tetrahedron Lett. 1984, 25, 5839. (f) Rubottom, G. M.; 
167 
Gruber, J. M.; Juve, Jr. H. D.; Chaleson, D. A. Org. Synth. 1985, 64, 118. (g) Iwata, 
C.; Takemoto, Y.; Nakamura, A.; Imanishi, T. Tetrahedron Lett. 1985, 26, 3227. (h) 
Hoffmann, R. V.; Carr, C. S.; Jankowski, B. C. J Org. Chem. 1985, 50, 5148. (i) 
Moriarty, R. M.; Prakash, O.; Duncan, M. P.; Vaid, K. J Org. Chem. 1987, 52, 150. 
G) Davis, F. A.; Sheppard. A. C. J Org. Chem. 1987, 52, 955. 
77. (a) Gamboni, R.; Mohr, P. Waespe-Sarcevic, N.; Tamm, Ch. Tetrahedron Lett. 
1985, 26, 203.; Gamboni, R.; Tamm, Ch. Helv. Chim. Acta. 1986, 69, 615. (b) 
Oppolzer, W.; Dudheld, P. Helv. Chim. Acta. 1985, 68, 216. (c) Evans, D. A.; 
Morrissey, M. M.; Dorow, R. L. J Am. Chem. Soc. 1985, 107, 4346. (d) Davis, F. 
A.; Vishwakarma, L. C. Tetrahedron Lett. 1985, 26, 3539. (e) Davis, F. A.; Haque, 
M. S.; Ulatowski, T. G.; Towson, J.C. J Org. Chem. 1986, 51, 2402. (f) Gore, M. 
P.; Vederas, J.C. J Org. Chem. 1986, 51, 3700. (g) Davis, F. A.; Ulatowski, T. G.; 
Haque, M. S. J Org. Chem. 1987, 52, 5288. 
78. For a collection of leading references see: Enders, D.; Bhushan, V. Tetrahedron 
Lett. 1988, 29, 2437. 
79. (a) Cain, C. M.; Simpkins, N. S. Tetrahedron Lett. 1987, 28, 3723. (b) Masui, M.; 
Ando, A.; Shioiri,T. Tetrahedron Lett. 1988, 29, 2835. (c) Davis, F. A.; Sheppard, 
A.C. Tetrahedron Lett. 1988, 29, 4365. (d) Davis, F. A.; Sheppard, A. C.; Lai, G. S. 
Tetrahedron Lett. 1989, 30, 779. 
80. Lohray, B. B.; Enders, D. Helv. Chim. Acta. 1989, 72, 980. 
81. Overman, L. E.; Campbell, C. B. J Org. Chem. 1976, 41, 3338. 
82. Overman, L. E.; Campbell, C. B.; Knoll, F. M. J Am. Chem. Soc. 1978, JOO, 4822. 
83. Overman, L. E.; Knoll, F. M. Tetrahedron lett. 1979, 321. 
84. Kitching, W.; Rappoport, Z.; Winstein, S.; Young, W. G. J Am. Chem. Soc. 1966, 
88, 2054. 
85. Henry, P. M.Acc. Chem. Res. 1973, 6, 16;Adv. Organomet. Chem. 1975, 13, 363. 
86. a) Henry, P. M. Chem. Commun. 1971, 328; (b) J Am. Chem. Soc. 1972, 94, 5200; 
(c)J Org. Chem. 1973, 38, 3338. 
87. a) Tsuji, J.; Tsuruoka, K.; Yamamoto, K. Bull. Chem. Soc. Jpn. 1976, 49, 1701. (b) 
Rose, D.; Lepper, H. J Organomet. Chem. 1973, 49, 473. (c) Walker, W. E.; 
Manyik, R. M.; Atkins, K. E.; Farmer, M. L. Tetrahedron Lett. 1970, 3817. 
168 
88. Cyclic isomers with the a.-terpineol skelton are typically formed in acid-catalyzed 
equilibrations, cf. Babier, J. H.; Olsen, D. 0. Tetrahedron Lett. 1974, 351; Kogami, 
K.; Kumanotani, J Bull. Chem. Soc. Jpn. 1974, 47, 226. 
89. For examples of these side reactions, see. (a) Letoureux, Y.; Lo, M. M. L.; 
Chaudhuri, H.; Gut, M. J Org. Chem. 1975, 40, 516. (b) Smith, T. H.; Fujiwara, A. 
N.; Lee, W.W.; Wu, H. Y.; Henry, D. W. J Org. Chem. 1977, 42, 3653. 
90. Cf. Goering, H. L. Rec. Chem. Prog. 1960, 21, 109 and other literature cited in ref. 
82. 
91. (a) Grieco, P.A.; Takigawa, T.; Bongers, S. L.; Tanaka, H. J Am. Chem. Soc. 1980, 
102, 7587. (b) Grieco, P. A.; Tuthill, P. A.; Sham, H. L. J Org. Chem. 1981, 46, 
5005. 
92. Henry, P. M.; Ma, X.; Noronha, G.; Zaw, K. lnorganica Chimica Acta. 1995, 240, 
205. 
93. Noronha, G.; Henry, P. M. J Mo/. Cata/., in press. 
94. Noronha, G. Ph.D. Thesis, Loyola University Chicago, 1992. 
95. (a) Stinson, S. C. C&EN, Sept. 28, 1992, page 46; (b) ibid, Sept. 19, 1994, page 38; 
(c) Oct. 9, 1995, page 4. 
96. Marcinkiewicz, S.; Green, J.; Mamalis, P. Tetrahedron, 1961, 14, 208. 
97. Reference 13, page 57. 
98. Miles, M. L.; Harris, T. M.; Hauser, C.R. J Org. Chem. 1965, 30, 1007. 
99. Bethel, J. R.; Maitland, P. J Chem. Soc. 1962, 3 7 51. 
100. Schramm, R. F.; Wayland, B. B. J Chem. Soc., Chem. Commun. 1968, 898. 
101. (a) Yamaguchi, S.; Yasuhara, F.; Kabuto, K. Tetrahedron, 1976, 32, 1363. 
(b) Yamaguchi, S.; Yasuhara, F. Tetrahedron Lett., 1977, 89. (c) Dale, J. A.; Dull, 
D. L.; Mosher, H. S. J Org. Chem., 1963, 34, 2543. (d) Dale, D. L.; Mosher, H. S. 
J Am. Chem. Soc., 1973, 95, 512. 
102. Bellamy, L. J.,"The Infrared Spectra of Complex Molecules", Chapman & Hall, 
3rd ed., London, 1975, pages 309-314. 
169 
103. Aitken, R. A. and Kilenyi, S. N. (Ed.), "Asymmetric Synthesis"; Chapman & Hall, 
New York, N. Y. 1992, page 220. 
104. C&EN, January 31, 1994, Chiroscience advertisement following page 31. 
105. See references 76-80. 
106. Henry, P. M. J Am. Chem. Soc. 1972, 94, 7311. 
170 
VITA 
ARAB K. EL-QISAIRI 
The author was born in Um-Qies, Jordan. He obtained a B. Sc. Degree in 
Chemistry from Yarmouk University (Jordan) in 1980 and a M.Sc. Degree in Chemistry 
from Yarmouk University in 1985. He was a teacher for general Chemistry for three 
years. Then, he worked as instructor at Department of Chemistry, Yarmouk University 
from 1987 to 1991. 
He was awarded a Graduate Assistantship in January 1992, by the Graduate 
School and Department of Chemistry, Loyola University of Chicago. He completed his 
Doctorate of Philosophy in Chemistry in 1996. He will start his new job in January 1997 
as assistant professor at Mu'tah University, Jordan. 
DISSERTATION APPROVAL SHEET 
The dissertation submitted by Arab K. El-Qisairi has been read and approved by the 
following committee: 
Patrick M. Henry, Ph.D., Director 
Professor, Chemistry 
Loyola University Chicago 
Duarte Mota de Freitas, Ph.D. 
Professor, Chemistry 
Loyola University Chicago 
Albert Hedinger, Ph.D. 
Associate Professor, Chemistry 
Loyola University Chicago 
Brice Bosnich, Ph.D. 
Professor, Chemistry 
University of Chicago 
The final copies have been examined by the director of the committee and the signature 
which appears below verifies the fact that any necessary changes have been incorporated 
and that the dissertation is now given final approval by the committee with reference to 
content and form. 
The dissertation is, therefore, accepted in partial fulfillment of the requirements for the 
degree of doctor of philosophy. 
